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Abstract

The hippocampus is one of the most extensively studied brain regions and plays a critical role
in emotional regulation, spatial reasoning, and learning and memory. This structure is
involved in a number of neuropsychiatric disorders including mood disorders, schizophrenia,
epilepsy, and Alzheimer’s disease. Gene expression alterations in the hippocampus are
frequently observed in the context of these disorders as either causal or consequential to the
diseased state making the hippocampus a potentially desirable target for gene-therapy
interventions. In this thesis, mechanisms to modify gene expression in the hippocampus are
explored with the goal of informing gene therapy development. Short hairpin RNAs are used
to elucidate the role of Homer1b/c in learning and memory and the prevention of age-
associated cognitive decline. Single nuclei RNA sequencing (snRNA-seq) methods are next
employed to characterize the impacts of App editing in a mouse model of Alzheimer’s
disease. Finally, the delivery of gene editing machinery to hippocampus are profiled using
snRNA-seq with a CRISPR-Cas9 nanocapsule. These studies thoroughly characterize cell-
type specific responses to this novel nanocapsule delivery system for gene editing in the
hippocampus. Altogether, the data presented here contribute to the understanding of disease
etiology within the hippocampus and advance the field of gene-therapy-based therapeutics by

informing best practices for safety and efficacy evaluation.



1 Understanding neuropathology in the hippocampus to inform
gene-therapy



1.1 The hippocampus: a hub for emotional regulation, spatial reasoning, and
learning and memory

The hippocampus is one of the most extensively studied brain regions and plays a critical role
in emotional regulation, spatial reasoning, and learning and memory. This structure is involved
in a number of neuropsychiatric disorders including mood disorders, schizophrenia, epilepsy
and Alzheimer’s disease (AD). Gene expression alterations in the hippocampus are frequently
observed in the context of these disorders as either causal or consequential to the diseased state,
making the hippocampus a potentially desirable target for gene therapy interventions to treat

the neuropsychiatric disorders mentioned above.

In mammals, the hippocampus is a brain structure embedded deep in the temporal lobe
of each cerebral cortex. The structure is most widely known for its important functions in
learning and memory and spatial reasoning. However, as part of the limbic system the
hippocampus also contributes to social behavior, motivation, and regulation of emotion'-.
Memory formation in the hippocampus is characterized by long-lasting changes in the strength
of synaptic connections, long-term potentiation (LTP) — a persistent increase in the strength of
connections between synapses, and long-term depression (LTD) — a persistent decrease in the
strength of connections between synapses. Maintenance of both LTP and LTD beyond their
early phase is dependent on significant gene expression changes in the hippocampus largely
dependent on a cAMP-dependent signaling cascade involving PKA, mitogen activated protein
kinases (MAPK) and the transcription factor cAMP-responsive element binding protein

(CREB)*.

The hippocampus contains the subgranular zone (SGZ; below SG in Figure 1.1 ), which
is one of the few places in the brain where adult neurogenesis occurs’. Studies indicate that this

process also contributes to cognition and plasticity in the hippocampus. Adult neurogenesis is



a tightly regulated process characterized by alterations in gene expression in response to

extrinsic signals®.
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Figure 1.1. Structure and staining of the mammalian hippocampus. Nissl staining of a
P56 mouse hippocampus (coronal sections 74 and 85 from the Allen Brain Atlas); Adapted

from Reference #5.

1.2 Dysfunction and pathology within the hippocampus

Dysfunction in the hippocampus is associated with a wide variety of neurological maladies.
Including depression, anxiety, schizophrenia, post-traumatic stress disorder, age-associated
cognitive decline, AD and non-AD neurodegenerative dementias’!!. Gene expression
alterations in the hippocampus are frequently observed in the context of these disorders as
either causal or consequential to the diseased state. Alterations in transcription in the

hippocampus have been shown to be associated with age-related spatial impairments and



evidence suggests artificially replacing expression of key downregulated transcripts can

rescue this impairment in rodent models'*!*,

In the context of AD, recent advances in spatial transcriptomics and single cell/single
nuclei RNA sequencing have revealed new molecular details on pathology within the brain.
These studies found that plaque induced cellular responses upregulate complement cascades,
oxidative stress pathways and immune response in astrocytes, while downregulating
myelination and upregulating cytokine release in oligodendrocytes and oligodendrocyte
precursors. Additional studies have shown AP stress in AD to cause aberrant excitatory
network activity in learning and memory circuitry of the hippocampus leading to
excitotoxicity and contributing to neurodegeneration'>'®. These studies indicate unique cell-
type specific mechanisms of AD pathology in many different neural cell-types initiated by
excessive B-cleavage of amyloid precursor protein, APP. Recently, a gene-editing paradigm
targeting A PP has been shown to reduce -cleavage presenting the possibility for therapeutic

gene therapy targeting this gene in the hippocampus and other brain regions'”.

1.3 Gene therapy in the brain

In traditional gene therapy, a normal gene is inserted into the genome to replace an abnormal
gene responsible for causing a certain disease. The application of gene therapy in the brain is
particularly appealing, as drug delivery to the brain has been challenging. For example, to
date, traditional pharmacological approaches for the treatment of AD have been largely
unsuccessful, at best halting disease without any robust treatment of symptoms. The
application of therapeutics in the brain often requires invasive procedures due to

complications in passing these therapeutics across the blood brain barrier. Thus, repeat dosing



with therapeutics can be considerably problematic. Therefore, the potential of a gene therapy

intervention as a one-time corrective treatment could be considerably advantageous'®.

Despite the one-shot curative potential of gene therapy, there are still a number of
safety challenges that need to be addressed when investigating prospective gene therapies. In
addition to traditional gene replacement therapy, potential gene therapies to target the brain in
human patients include gene augmentation, RNA interference (RNAi), genome editing, and
several other techniques (e.g., Figure 1.2)!°. For RNAI, target genes are silenced by DICER
related degradation of mRNA transcripts, while CRISPR-Cas9 genome editing targets the
endogenous DNA sequence of the target gene. The modes of delivery can utilize viral vectors
or non-viral vectors. For example, the CRISPR-Cas9 ribonucleoprotein can be encoded into
adeno-associated viral vectors or be manufactured as Cas9 protein and guide RNAs that are

delivered using synthetic nanoparticles (e.g., lipid nanoparticles, LNPs)%’.
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Figure 1.2. Summary of gene therapy strategies for the hippocampus. (A) Non-viral
strategies include using ASOs to induce alternate splicing or RNase H-mediated degradation.
(B and C) Viral strategies include (B) AAV-mediated gene silencing, through RNA
interference, RNAi or CRISPR-Cas9 or (C) AAV-mediated gene delivery including
neurotrophic factors can also be used as therapeutics. AAV, adeno-associated virus; ASO,
antisense oligonucleotide; Cas, CRISPR-associated system; miRNA, microRNA; PAM,
protospacer adjacent motif; RISC, RNA-induced silencing complex; RNAi, RNA
interference; shRNA, small hairpin RNA. Adapted from reference #19.

For genome editing, safety considerations include the potential for off-target genomic
editing, cell-type specific responses to editing, mRNA misregulation and transcriptional
perturbations. Alterations in alternative splicing, the production of gain of function proteins, a

p53 mediated stress response, and unpredicted impacts on gene expression regulation and cell



signaling can all have deleterious impacts on cellular function and survival?"?2. Delivery of
the gene therapy payload may also be off-target, hitting structures and cell types in the
hippocampus that affect broad neural circuits. Thus, there are still a number of safety
challenges that need to be addressed when investigating a potential gene editing based
therapeutic for the hippocampus. In the hippocampus, subtle changes in gene expression or

inflammatory response are likely to have large impacts on cognition, mood, and behavior.

1.4 Targeting the hippocampus with gene therapy

The work described in this thesis serves to advance our understanding of the utility and
potential for gene-therapy interventions in the hippocampus. Here we have utilized
recombinant adeno-associated vectors (rAAV) and RNAI to target the expression of a gene
shown to be associated with age-associated cognitive decline, elucidating mechanisms of
learning and memory. My work with these strategies is detailed in the next chapter. In
Chapter 3, I utilized single nuclei RNA sequencing (snRNA-seq) of the mouse brain treated
with genome editors to characterize the transcriptomic impacts of a novel somatic cell gene
editing approach for the treatment of AD. In Chapter 4, I applied snRNA-seq to characterize
the safety and efficacy of editing in the hippocampus via non-viral, nanocapsule-mediated
delivery of SpyCas9 RNP in the hippocampus. Altogether, this work profiles two different
types of gene therapy — RNAi and CRISPR-Cas9 gene editing — as well as viral and nonviral
modes of delivering the gene therapeutic. This work advances the field of gene-therapy in the
brain, informing best practices for characterizing the impacts of novel gene therapeutics

targeting specifically the hippocampus.
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2 Hippocampal Homer1b/c is necessary for contextual fear
conditioning and group I metabotropic glutamate receptor
mediated long-term depression

Work in this chapter was adapted from:

Hippocampal Homer1b/c is necessary for contextual fear conditioning and group I
metabotropic glutamate receptor mediated long-term depression

Kirstan Gimse, Ryan C. Gorzek, Andrew Olin, Sue Osting, Corinna Burger
Neurobiology of Learning and Memory 156, 17-23, doi:10.1016/j.nlm.2018.10.005 (2018).

S.O. performed all intracerebral injections. R.C.G performed Western Blot analysis of
PSDO5. K.G. performed electrophysiology and behavioral analyses with assistance from A.O.
as well as remaining Western Blot analyses. K.G analyzed the data. C.B. supervised the
research. K.G. wrote the manuscript with input from all authors.



11

2.1 Abstract

Coiled-coil forms of Homerl, including Homer1b and ¢ (Homer1b/c) have been shown to
play a role in hippocampal learning and memory and synaptic plasticity. We have previously
found that overexpression of hippocampal Homerc is sufficient to rescue learning and
memory ability in aged learning impaired rats and in HomerI knockout (KO) mice, and to
rescue group I metabotropic glutamate receptor (mGluR1/5) mediated long-term potentiation
deficits in KO mice. Here, to determine if Homer1b/c is necessary for successful learning and
memory we have utilized an rAAVS vector expressing a Homer1b/c-targeting short hairpin
RNA to knock down the expression of hippocampal Homer1b/c in adult 4—-6-month-old male
Sprague Dawley rats. We have found that reduced hippocampal Homer1b/c expression elicits
significant learning deficits in contextual fear conditioning, but not in the Morris water maze
or novel object recognition tasks. Furthermore, we demonstrate that reduced hippocampal
Homerlb/c is sufficient to completely block mGluR1/5 mediated long-term depression in the
Schaffer collateral pathway. These results support a significant role for Homerlb/c in
learning and synaptic plasticity; however, the exact role of each of these two protein isoforms

in learning and memory remains elusive

2.2 Introduction

The synaptic scaffolding coiled-coil forms of Homer1, which include Homer1b and Homerlc
(Homer1b/c), link membrane bound group I metabotropic glutamate receptors (mGluR1/5) to
downstream signalling molecules**-?’. Homer1b and Homerlc differ by a 12 amino acid

addition in Homer1c?®. Previous research in our lab and others has shown that Homer1b/c
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isoforms play an important role in learning and memory'>!423°. HomerI knockout mice
exhibit learning and memory deficits in the radial arm maze and deficits in synaptic
plasticity, both of which can be rescued through recombinant adeno-associated virus (rAAV)
mediated overexpression of hippocampal Homerlc!*3!. Additionally, HomerIc transcripts are
downregulated in the hippocampi of aged learning impaired rats when compared to aged
superior learners after training in a hippocampal dependent learning task, and rAAV-
mediated overexpression of hippocampal Homerlc is sufficient to improve learning and
memory performance in the Morris water maze and object location memory tasks in these
animals'>!3. Importantly, disruption of associations between Homer1b/c and mGluR 1/5
metabotropic impedes expression of mGluR1/5 mediated long-term depression (mGluR-

LTD) and long-term potentiation (mGluR-LTP)?631-33,

mGluR 1/5 stimulate the synthesis of proteins that modulate ionotropic receptor
trafficking and expression of immediate early genes related to cognition. mGluR-LTD and
mGIuR-LTP both play essential roles in hippocampal learning and memory>*3*

Dysregulation of mGluR-LTD has been shown to play a role in Parkinson’s disease, drug

addiction, fragile-X mental retardation syndrome and Alzheimer’s disease™

Here we sought to determine whether Homer1b/c isoforms are necessary for
hippocampal learning and memory and synaptic plasticity. To this end, we utilized
recombinant Adeno-associated virus (rAAV) mediated expression of a small hairpin RNA
sequence targeting Homer1b/c (rAAV-shH1b/c) to knock down expression of Homerlb/c in
the hippocampus of adult Sprague Dawley rats. We found that Homer1b/c knockdown leads
to significant memory deficits in contextual fear conditioning and completely ablates

expression of mGIluR-LTD.
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2.3 Results

2.3.1 rAAV-mediated delivery of Homerlb/c shRNA yields significant reduction in
hippocampal Homer1b/c expression
We first determined the level of Homer1b/c knockdown in adult rats. rAAV-shRNA
mediated expression of a sequence targeting Homer1b/c was used to knockdown Homer1b/c
expression. Adult Sprague Dawley rats (3 months) were injected with rAAV-shH1b/c,
rAAV-shCTL, or sham surgery. Hippocampal proteins from these animals were isolated and
analyzed for Homer1b/c expression one month post-surgery. Densitometry analysis of
immuno-positive bands showed a significant difference between injected groups (Fig. 2.2 F(,
13)=18.97, p = 0.0001). An average of 50% reduction in Homer1b/c expression in total
hippocampus for shH1b/c injected animals in comparison to sham injected controls was
observed (Fig. 2; p = 0.0002). No significant differences in Homer1b/c expression were
observed between sham injected and shCTL injected controls (Fig. 2.2; p = 0.4329). To
determine whether proteins associated with Homer1b/c were affected by its downregulation,
we examined levels of mGIuRS and PSD95 in the different experimental groups. No
significant effect of treatment on mGluRS expression was observed (Fig. 2.2; F2,9)=4.061, p
=0.055. sham vs. shH1b/c: p=0.1; shCTL vs. shH1b/c: p = 0.97; sham vs. shCTL: p =
0.072). Similarly, all experimental groups showed similar expression levels of PSD95 with
no effect of treatment (Fig. 2.2; F,9) = 0.408, p = 0.7). sham vs. shH1b/c: p = 0.8; shCTL vs.
shH1b/c: p=10.7; sham vs. shCTL: p = 0.96). Western blot analyses were also performed on
hippocampal slices collected during preparation for electrophysiology on days 40 to 50

yielding similar results (data not shown).
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Figure 2.2 rAAV-shH1b/c significantly reduces Homer1b/c expression.

A.) Representative Western blot showing Homer1b/c reduced protein expression in
rAAV-shH1b/c injected relative to rAAV-shCTL injected and sham injected controls.
B.) Densitometry analysis of Homer1b/c expression shows a 50% reduction relative to
controls with no significant differences in Homer1b/c expression in sham injected versus
rAAV-shCTL injected controls (shH1b/c: n= 8, sham: n=4 , shCTL: n=4). No
statistically significant changes were found in mGIuRS or PSD95 expression between
experimental groups.

2.3.2 Reduced expression of hippocampal Homerlb/c causes learning deficits in
contextual fear conditioning

To determine whether hippocampal Homer1b/c expression is necessary for successful
learning and memory, animals were tested in the contextual and cued fear-conditioning tasks,
the Morris water maze, and the novel object recognition task. Fear conditioning analysis
indicated no significant differences in freezing behavior prior to the introduction of tone or
shock (Fig. 2.3A, t=0.14, df= 16, p= 0.89). However, animals treated with shH1b/c showed

significantly less post-shock freezing on training day [a measure of short-term contextual fear
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memory (Fig. 2.3B, t=2.67, df= 16, p= 0.016)] and exhibited significant memory deficits in
contextual fear conditioning on testing days 48 hours later (Fig 2.3C, t=2.35, df= 16, p=
0.03). To determine if the observed memory deficits may be the result of early extinction, the
data were analyzed in 30 second intervals. shH1b/c treated animals displayed memory
deficits in contextual fear conditioning throughout the duration of the testing period
indicating a deficit in either acquisition or recall (Fig. 2.3D, F(1,16)= 5.44, p= 0.03). No
significant differences were found in freezing behavior during auditory cued fear
conditioning analysis (Fig 2.3E, t= 1.1, df= 16, p= 0.288). Surprisingly, no significant
differences in learning ability were observed between shH1b/c injected and control animals in
any of the other hippocampal dependent behavioral tasks including the Morris water maze
[hidden platform (t=1.17, df=21 p= 0.26)], probe trial platform crossings (Fig 2.3F, t=1.12,
df= 21, p= 0.28), probe trial quadrant time (Fig 2.3G: t=1.01, df=21, p=0.29), and the novel

object recognition task (Fig. 2.3H t=1.71, df=21, p=0.10).

Contextual Fear Conditioning
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Figure 2.3 Homer1b/c knockdown causes significant memory deficits in contextual
fear conditioning, but not in auditory cued fear conditioning, MWM, or novel object
recognition. Figure caption continued on the next page.
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Figure 2.3 Homerlb/c knockdown causes significant memory deficits in contextual fear
conditioning, but not in auditory cued fear conditioning, MWM, or novel object
recognition.

A.) No significant differences between groups were observed in percent of time freezing
during exploration prior to training (n= 9 shH1b/c, n=9 control). B.) shH1b/c treated animals
showed significantly reduced post-shock freezing. C.) Contextual fear conditioning: rAAV-
shH1b/c injected animals show significantly less freezing response upon re-exposure to an
environment previously paired with an aversive stimulus than control animals. D.) Contextual
fear conditioning was analyzed by percent of time spent freezing in 30 second intervals
throughout the duration of the testing period. rAAV-shH1b/c injected animals spent
significantly less time freezing throughout the duration of the testing period. E.) Cued fear
conditioning: rAAV-shH1b/c injected and control animals show similar freezing responses
when re-exposed to an auditory cue previously paired with an aversive stimulus. F.) MWM
probe trial: no significant differences were observed between shH1b/c treated and control
animals in the number of platform crossings (n= 13 shH1b/c, n= 10 control). G.) MWM probe
trial: no significant differences were found in the time spent in the probe quadrant between
shH1b/c injected and control animals. H.) Novel object recognition: when exposed to one
novel and one familiar object, both shH1b/c injected and control animals showed increased
interest in the novel object (n= 13 shH1b/c, n= 10 control).

2.3.3 Reduced expression of hippocampal Homer1b/c ablates mGluR-LTD expression

To investigate the cellular mechanisms underlying the observed memory deficits,
electrophysiological recordings were performed in acute hippocampal slices to assess the
impact of Homer1b/c knockdown on mGluR-LTD which has been shown to be an important
process for hippocampal learning and memory*>-*34°, Here we found that, similar to previous
findings, bath application of 100uM DHPG for 10 minutes induced robust depression in
control hippocampal slices from animals injected with rAAV-shCTL, (Fig. 2.4A)*'. In
contrast, bath application of DHPG in hippocampal slices from rAAV-shH1b/c injected
animals did not result in LTD expression (Fig. 2.4A; main effect of treatment, F(1, 10) = 13.62,
p=0.004). Traces from these slices exhibit a slight short-term depression which quickly

recovers to baseline synaptic efficacy. There were no statistically significant differences in
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mGIluR-LTD expression between sham injected and rAAV-shCTL controls (Fig. 2.4A vs 4B,
C and D; main effect of treatment, F(1,11)=0.17, p=0.69.)

To further characterize DHPG induced LTD we tested the impact of selective
antagonists for NMDAR, mGluR 1, and mGluR5 on DHPG induced LTD. Since both GFP
and sham injected animals showed no difference in mGluR-LTD, we used uninjected animals
as controls for these experiments. Incubation in the presence of the NMDAR receptor
antagonist (2R)-amino-5-phosphonovaleric acid (APV;100 pM) before and during
application of DHPG did not significantly affect induction of LTD as it has been reported
(Fig. 2.4B; main effect of treatment, F(1, 12 = 0.049, p= 0.83)*?. Similar results were obtained
with pre-incubation with the selective mGIuRS antagonist 2-methyl-6-(phenylethynyl)
pyridine hydrochloride (MPEP;10 uM) (Fig 2.4C; main effect of treatment, F1, 10) = 0.696,
p=0.42). Induction of LTD in the presence of the mGluR1 antagonist LY 367385 (100uM)
did not significantly impact the maintenance or magnitude of mGIluR-LTD (Fig. 2.4D; main
effect of treatment, F1, 12)=0.579, p= 0.46), however the rate of induction was significantly
reduced. (Fig. 2.4D; main effect of treatment, F1, 12) = 7.90, p= 0.016). These data are in

agreement with previous reports on the mechanism of induction of mGIuR-LTD?’.
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Figure 2.4 Homerlb/c is necessary for expression of mGluR-LTD.

A.) Homerlb/c knockdown blocks expression of LTD (shH1b/c: n= 7 slices (4 animals);
control: n=5(4)). B.) The NMDA antagonist AP5 does not prevent mGIluR-LTD induction
(AP5: n= 6(3); control n= 8(3)). C.) Incubation in MPEP during mGluR1/5 activation does
not prevent mGluR-LTD (MPEP n= 4(4); control n= 8(3)). D.) mGluR-LTD induction in the
presence of the mGluR 1 antagonist LY 367385 does not significantly impact the magnitude
of LTD expression (LY 367385: n= 5(3); control: n= 8(3)), but significantly reduces the rate
of mGIluR-LTD induction.

2.4 Discussion

This study investigated the impact of reduced hippocampal Homer1b/c expression on spatial
learning and memory and synaptic plasticity. We found that knockdown of hippocampal
Homerlb/c significantly reduced freezing behavior both during the post-shock periods on
training day, and during testing of contextual fear conditioning 48 hours later. Significant
deficits were not observed in other learning tasks, namely the MWM, novel object
recognition and cued fear conditioning.

Both the acquisition and expression phases of learning in contextual fear conditioning

are dependent on hippocampal mGluR 1/5 signaling; therefore, we hypothesized that deficits
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in mGluR 1/5signaling in the absence of Homerlb/c would contribute to learning deficits in
this task®. The results of this study support this hypothesis. Furthermore, previous studies
have provided evidence for post-shock freezing to be a measure of immediate contextual fear
memory. Therefore, significantly reduced post-shock freezing is further evidence of a role for
Homerlb/c in contextual fear conditioning and may suggest that Homer1b/c is necessary for
acquisition of contextual fear memory**. The lack of deficits observed in auditory cued fear
conditioning were not surprising, as multiple studies have indicated that this type of memory
acquisition is largely independent of the hippocampus and is primarily coded for in the
amygdala®.

Studies regarding the role of the hippocampus in novel object recognition have
elicited conflicting results; many studies indicate that object recognition is encoded primarily
within the perirhinal cortex?>*->!, There is evidence, however which indicates that the
hippocampus is responsible for encoding the novel acquisition of object location. For
example, endogenous hippocampal LTD dependent on both NMDAR and mGluRS5 is induced
in the rodent hippocampus upon exposure to configurative novelty in object-space (i.e. the
presentation of either novel objects or familiar objects within a novel spatial context), but not
upon exposure to novel spatial environment alone®>*. The finding that Homer1b/c
knockdown did not elicit significant deficits in this task might indicate that any spatial coding
deficits evoked by impeded mGluR 1/5 signaling in the absence of Homer1b/c were
obfuscated by object recognition coding within the perirhinal cortex. Alternatively, it may be
that mGluR 1/5 signaling mechanisms independent of Homerlb/c are sufficiently
compensatory for this task or that our testing paradigm is insufficiently sensitive.

More surprising is the lack of spatial learning and memory deficits observed in the
MWM. Considerable studies have been published indicating the role of the hippocampus in

spatial learning and memory in the Morris water maze®>*. Furthermore, evidence supports a
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role for group I mGluR signaling in the acquisition and retrieval learning phases of similar
spatial learning tasks and positive modulators of mGIuRS5 have been shown to enhance
MWM performance®*>*. Additionally, overexpression of hippocampal Homerlc is sufficient
to rescue MWM and OLM performance in aged learning impaired rats and radial arm maze
ability in young Homer1 knockout mice'*!#. Therefore, we initially hypothesized that
disruption of mGluR 1/5 signaling in the absence of Homerlb/c would yield significant
learning deficits in this task. However, these current findings suggest that while Homerlc is
sufficient to enhance this type of learning and rescue spatial learning deficits observable in
this task in aged learning impaired rats, it may not be necessary for this type of spatial
learning in young adult rats. Additionally, the discrepancy between MWM deficits observed
in Homer! knockout mice and Homer1b/c knockdown rats are likely attributable to the
absence of all Homerl isoforms, including the short-form Homerla, as well as the global
nature of this knockout. There is also a potential for the development of compensatory
mechanisms developing between the time of injection and behavioral analyses, however it is

necessary to allow this time to achieve maximal H1b/c knockdown.

Here we show that hippocampal Homer1b/c is necessary for the expression of
mGIluR-LTD. These data are in agreement with previous findings which indicate that
disruptions between mGIuR5 and coiled coil Homer1 proteins impedes mGluR-LTD?®. We
also confirm results from other studies indicating that blockade of NMDAR, mGluR1 or
mGIluRS5 alone during LTD induction does not significantly affect the magnitude or length of
expression. Blockade of mGluR1, however, does impact the rate of induction, suggesting that
this receptor plays a key role in the early stage of LTD induction. These results are again
consistent with previous characterizations of mGluR-LTD mechanism?®®. Both mGIuR1/5-
LTP and mGluR1/5 dependent LTD have been shown to be important for learning and

memory, however evidence suggests that expression of mGIluR1/5 dependent LTD may be
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particularly important for maintenance of learning and memory ability in aged animals®*38, It

may be that increased susceptibility to mGluR-LTD functions as a compensatory mechanism
for the age-associated dysregulation of other synaptic plasticity mechanisms. Here we have
focused on the impact of rAAV-shH1b/c on mGIuR-LTD in young rats, but our future studies
will focus on aged rats.

We found that downregulation of Homer1b/c did not result in decreased levels of mGluR5
or PSD95. This suggests that the phenotypes identified with Homer 1b/c knockdown are due
to a decreased pool of Homerl1b/c able to interact with mGluR1/5, rather than by a
subsequent regulation of receptor expression®®*®. However, this does not preclude the
possibility that Homer1b/c knockdown alters the subcellular localization of mGIluRS which
may also impact signaling®’. Future studies are necessary to investigate the mechanism of

Homerlb/c in LTD and learning and memory formation.

2.5 Methods

2.51 Animal Subjects

3-month-old male Sprague-Dawley rats were purchased from Envigo. All animals had free
access to water and food. Animals were maintained on a 12-hour dark and light cycle, with
behavioral tests conducted during the light cycle. All procedures concerning animals were
approved by the University of Wisconsin Institutional Animal Care and Use Committee and
were conducted in accordance with the U.S. National Institutes of Health “Guide for the Care
and Use of Laboratory Animals.” Average animal age during testing was 4—6 months old.

The experimental timeline is shown in figure 2.1.
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Figure 2.1 Experimental timeline

2.5.2 Viral vectors

SureSilencing shRNA plasmids were purchased from Qiagen and subcloned into rAAV. The
sequence targeting Homerlb/c (shH1b/c) was: CAGGAAGTTGAGATTCGAAAT. The
sequence for the control vector (shCTL) was: GGAATCTCATTCGATGCATAC. The
negative control shRNA provided by Qiagen is a scrambled artificial sequence which does
not match any human, mouse, or rat gene. Viral vector preparations of rAAVS5 were
purchased from the University of Pennsylvania Vector Core. The titer for rAAV-shH1b/c was
5%1013 vector genomes/ml; for rAAV-GFP was 2.59x1012 vg/ml. Each plasmid carries an
shRNA under the control of the human U1 promoter and a GFP reporter gene under the
control of the CMV promoter. We have previously shown the area and cell types transduced

by this rAAVS5 serotype !+

2.5.3 Intracerebral injection of rAAYV vectors

Bilateral intracerebral injections of rAAV into the rat hippocampus have been described
previously in detail'*. Two sites were injected per hippocampal hemisphere. 2yl of viral
vector were injected per site. Animals were allowed to recover for one month before

behavioral testing and/or electrophysiological recordings.

2.5.4 Behavioral analysis
Behavioral tests were performed in the following order: novel object recognition, Morris
water maze, contextual and cued fear conditioning. All experimenters were blinded to the

treatment of the subjects. For novel object recognition and Morris water maze tests n=13
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shH1b/c and n=10 for sham controls were used. Fear conditioning analysis was not
completed for a subset of animals due to a breakdown of the freeze monitor during

experimentation: n=9 per condition.

2.5.4.1 Novel Object Recognition

We used a two-day version of the Novel Object Recognition paradigm as previously
described in detail®. Rats were initially trained in the location of two identical objects. Each
animal was placed in the enclosure and given 5 minutes to explore the area. Testing occurred
24 hours later with an identical protocol with the exception that the identity of one of the
objects had been changed. In between each animal, on training and testing days, the bedding

was stirred, and the toys cleaned with 70% ethanol to minimize olfactory cues.

2.5.4.2 Morris Water Maze

We used a two-day version of the Morris Water Maze consisting of one day of visible
platform training followed by one day of hidden platform training and a probe trial, as
described in detail® Visible platform training consisted of 4 consecutive trials on day 1.
Hidden platform training took place on day 2. Training consisted of 4 consecutive trials. The
time taken to reach the platform was recorded for each trial. The probe trial was carried out
for each animal immediately following the four hidden platform trials; for this trial the time
spent in the probe quadrant, as well as the number of times the animal crossed the platform

area were recorded.

2.5.4.3 Fear Conditioning

Fear conditioning began with a day of training during which each animal was placed inside a
white rectangular enclosure (San Diego Instruments Freeze Monitor). Each animal was then

subjected to 2 minutes of silence, followed by 30 seconds of tone (2000 Hz, 80dB). During
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the last 2 seconds of tone the animals were subjected to a mild foot shock (0.8 mA). This
process of two-minute silent exploration time followed by 30 seconds of tone with 2 seconds
of foot shock was repeated one additional time followed by a final 1 minute of silent
exploration time. Contextual fear conditioning (CFC) was tested 48 hours later. For this test
the animal was reintroduced to the rectangular enclosure and given 6 minutes of silent
exploration time. Auditory cued fear conditioning (AFC) was tested 49 hours after training.
For this test the animal was placed into a black, triangular enclosure scented with vanilla. The
animal was subjected to 2 minutes of silent exploration time, followed by 30 seconds of tone,
similar to the training protocol, but lacking the shock stimulus. This process was repeated one
additional time and followed by a final 1 minute of silent exploration. Freezing time was
measured during training and both testing protocols using the Freeze Monitor System and
Freeze Monitor software (San Diego Instruments). Memory recall was assessed by measuring
the percent of time spent freezing in response to the spatial or auditory stimuli on testing day.
For CFC, comparisons were made between groups using the percent of time freezing over the
entire 6 minute free exploration testing protocol; for AFC, assessments were made using the
percent of time spent freezing during the two 30 second tone presentations. Additionally, the
percent of time spent freezing during 30 second increments for CFC testing were compared to
determine whether learning deficits were a result of early extinction. Post shock freezing, the
percent of time freezing during both 2 minute post-shock exploration periods on training day,
was also compared to further investigate the role of Homer1b/c in fear conditioning.
Differences in average freezing time during training, both prior to the introduction of sound
or shock stimuli and in the two-minute exploration period following the first sound/shock
combination, were compared to rule out any mobility issues as a result of treatment

influencing the testing results.
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2.5.5 Electrophysiology

Electrophysiological analysis began one day after the completion of behavioral analyses, one
animal chosen at random was analyze per day. Immediately after euthanasia the brain was
removed from the skull and submerged in ice cold cutting solution (CS) [in mM]: 212
sucrose, 2.6 KCI, 1.25 NaH2PO3, 26 NaHCO3, 0.5 CaCl2, 5 MgCI2, 10 glucose. The
hippocampi were sectioned transversely into 400 um slices immersed in ice- cold CS. Slices
were allowed to recover for 45 min at room temperature (RT) in 50:50 CS: artificial
cerebrospinal fluid (ACSF) [in mM]: 124 NacCl, 5 KCI, 1.25 NaH2PO3, 26 NaHCO3, 2
CaCl2, 1 MgCl2, 10 glucose followed by a second 45 minute incubation at RT in ACSF.
Slices were then transferred to an interface recording chamber perfused with ACSF and
allowed to recover for 2 hours at 32 °C. All solutions were carboxygenated during slice
preparation, recovery and recording (95/5, 0O2/C0O2). Enameled bipolar platinum-tungsten
(92:8 Pt:Y) stimulating electrodes were placed at the border of Area CA3 and Area CAl
along the Schaffer-Collateral pathway. Field excitatory post-synaptic potentials (fEPSP) were
recorded from the stratum radiatum, with ACSF filled recording electrodes (2—4 MQ).
Baseline synaptic transmission was assessed for each individual slice by applying increasing
stimuli (0.5-25 V, 25 nA—1.5 pA, A-M Systems model 2200 stimulus isolator, Carlsborg,
WA) to determine the relationship between stimulation voltage and fEPSP slopes
(Input:Output). Subsequent experimental stimuli were set to an intensity that evoked a fEPSP
with a slope half that of the maximum fEPSP slope. mGIluR-LTD was induced with bath
application of 100uM (S)-dihydroxyphenylglycine (Tocris) in ACSF for 10 minutes. fEPSPs
were recorded for 90 minutes post-LTD induction followed by a repeated measure of
Input:Output relationship to confirm maintenance of slice health. Synaptic efficacy was
constantly monitored (0.05 Hz). Every 2 min, sweeps were averaged; the fEPSPs were

amplified (A-M Systems model 1800), digitized (Digidata 1322B, Molecular Devices,
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Sunnyvale, CA) and then analyzed (pClamp, Molecular Devices). All numerical data are

expressed as mean £ SEM.

2.5.6 Protein extraction and Western Blot analysis

Whole hippocampi were dissected from a subset of animals for Western blot analysis 30 days
post viral vector injection. Tissue lysis and homogenization was performed with a 28-gauge
insulin needle in RIPA buffer. 40ug of purified protein was separated using 4—-15% gradient
SDS-PAGE gels (Mini-PROTEAN TGX, Biorad, Hercules, CA) and then transferred to
PVDF membranes (Trans Blot Turbo Transfer Pac, Biorad, Hercules, CA) using a Transblot
Turbo Transfer System (Biorad, Hercules, CA). Primary antibodies included Homer1b/c (sc-
20807, Santa Cruz, 1:1000), mGluRS (AB5675, Millipore, Burlington, MA, 1:1000), PSD95
(34508S; Cell Signaling, 1:500) and GAPDH (MAB374, Millipore, Burlington, MA, 1:1000).
IRDye 680 or 800 secondary antibodies (925-32213, 925-32212, Li-Cor, 1:5,000) were used
and the membranes imaged using the Odyssey CLx imaging system (Li-Cor). Homerlb/c,
mGIuRS and PSD95 bands were normalized against GAPDH expression and densitometric
quantitation of immuno-positive bands was performed using Image Studio Lite image

processing software (Li-Cor).

2.5.7 Statistical Analyses

Statistical analyses were performed using Prism 7.03 (Graphpad Software Inc., La Jolla CA).
Significance was set at p<.05. For behavioral analyses, two-tailed t-tests were used to assess
the significance of differences observed between shH1b/c treated and control animals, with
the exception of the 30 second increment analysis of CFC which was analyzed by two-way
ANOVA (treatment and time) with repeated measures (mixed model) and Bonferroni posthoc
tests. Electrophysiology data were analyzed by two-way ANOVA (treatment and time) with

repeated measures (mixed model) and Bonferroni posthoc tests. One-way-ANOVA followed
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by Tukey’s multiple comparison tests were employed for statistical analysis of Western blot

data.
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3 Single nuclei RNA sequencing to evaluate the transcriptomic
impact of APP C-terminus editing in a mouse model of
Alzheimer’s disease

App C-terminus edited mouse lines were developed in Dr. Subhojit Roy’s Lab at UCSD. All
animal tissues used in this study were gifted from the Roy Lab.
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3.1 Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the primary cause
of dementia among older adults. This disease is characterized by molecular changes in
several neural cell types leading to increased levels of A3 and phosphorylated tau,
inflammation, and neurodegeneration®!. Studies indicate unique cell-type specific
mechanisms of AD pathology in many different neural cell-types initiated by excessive 3-
cleavage of the amyloid precursor protein (APP). Recently, CRISPR/Cas9 gene editing
targeting the C-terminus of APP has been shown to attenuate 3-cleavage, reducing the
production of neurotoxic 3-amyloid (AP) and B-CTFs, while upregulating neuroprotective o.-
cleavage. Here we use single nuclei RNA sequencing (snRNA seq) to characterize the cell-
type specific AD-associated transcriptional perturbations within a rodent model of AD as
well as the transcriptional impacts of a potential therapeutic gene-edit for the treatment of
AD. We found cell-type specific changes in the disease model which appear to recapitulate
some of the key changes observed in AD and in other rodent AD models as well as
transcriptomic shifts in response to edited 4pp which may be advantageous in the context of
AD. While more research is necessary to fully understand the implications of these
transcriptomic shifts, these data illustrate the utility of snRNA seq for the characterization
and evaluation of potential gene-editing based therapies and may help to advance a novel

gene-editing based AD therapeutic toward clinical application.

3.2 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most common

cause of dementia among older adults. This disease is characterized by molecular changes in
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several neural cell types leading to increased levels of A3 and phosphorylated tau,
inflammation, and neurodegeneration®!. Spatial transcriptomics and single-cell/single-nuclei
RNA sequencing (scRNAseq/snRNAseq) in AD and rodent model of AD have revealed
diverse cellular responses induced by plaques. These responses upregulate complement
cascades, oxidative stress pathways and immune response in astrocytes, while
downregulating myelination and upregulating cytokine release in oligodendrocytes and
oligodendrocyte precursors. Further, unique subtypes of microglia in the context of AD had
both neuroprotective and neurodegenerative activities'>%2-%5, AB stress in AD can cause
aberrant excitatory network activity in learning and memory circuitry of the
hippocampus!>!¢. These studies indicate unique cell-type specific mechanisms of AD
pathology in many different neural cell-types initiated by excessive B-cleavage of the
amyloid precursor protein (APP). Additionally, B-cleavage alters gene expression due to
transcriptional regulation by the APP intracellular domain (AICD). When generated via the
amyloidogenic pathway, AICD is stabilized and translocated to the nucleus. AICD
transcriptional regulation inhibits adult hippocampal neurogenesis, induces cell-death
pathways via upregulation of p53 and BIM, and contributes to neurotoxicity and

hyperphosphorylation of tau by upregulation of GSK3p%3-66-70,

Recently, CRISPR/Cas9 gene editing targeting the C-terminus of APP has been
shown to attenuate -cleavage, reducing the production of neurotoxic f-amyloid (Ap) and [3-
CTFs, while upregulating neuroprotective a-cleavage (Fig. 3.1a)!". Additionally, this edit
results in a loss of APP Thr668, the phosphorylation of which is necessary for nuclear
translocation of AICD, likely eliminating its activity as a transcription regulator. Preliminary
data indicate that this C-terminus 4App editing in a mouse model of AD significantly reduces

AP accumulation and may rescue spatial learning deficits. However, the cellular changes
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underlying these learning differences have yet to be characterized. Here we use snRNA seq
of App-edited AD mouse model brains to characterize cell-type specific AD-associated

transcriptional perturbations within this disease model.

3.3 Results

3.3.1 Transcriptomic profiling of APP-NLGF, WT and APP-NLGF-AC mouse brains

A previously established AD mouse model, APP-NLGF, developed by Saito et al, harbors
modification to the endogenous mouse App gene that allow for the recapitulation of AD
pathology without App overexpression. The modified endogenous App gene includes a
humanized AP region, as well as Swedish, Iberian, and Artic mutations’!’?>. My collaborators
in the Roy lab (UC-San Diego) have since modified this model using CRISPR-Cas9 genome
editing of mouse embryos. Two mouse colonies were generated. One colony harbored a
homozygous insertion of single T base (InsT) through indels produced by a Cas9-induced
double strand break in the C-terminal App coding region (Fig. 3.1). The other colony
harbored a homozygous deletion of 5 bases at the same Cas9 double strand break. Both edits
result in a frameshift, and therefore a premature truncation of the App protein. Both of these
edits have been previously shown to result in a truncated App protein that is preferentially
processed by the non-amyloidogenic pathway resulting in reduced production of A} and
increased expression of neuroprotective APPa. (Fig. 3.1b)!". Single nuclei RNA seq was used
to examine the transcriptional profiles of neural cells from two APP-NLGF, two WT, two

Del5 and two InsT mouse brains.
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3.3.2 Identification and quantification of cell-types

After quality control filtering (Methods), we analyzed the transcriptional profiles of 86,897
nuclei, 19,737 from two APP-NLGF; 23,058 from two InsT; 24,660 from two Del5 and
19,442 from two WT mouse brains. We first performed initial unbiased uniform manifold
approximation and projection (UMAP) clustering on all samples’. This analysis yielded 43
unique cell clusters, which we subsequently categorized into seven major cell-types
according to their individual transcriptome profiles and previously reported cell-type
markers’*" (Fig. 3.2, and Sup. Fig 3.1). To facilitate analysis, adjacent and/or overlapping
clusters of the same cell-type were regrouped into single clusters, ultimately yielding 20
clusters: 11- glutamatergic neurons (N_Glu), 4- GABAergic neurons (N_Gaba), 1-
oligodendrocytes (Olig), 1- microglia (Micro), and 1- brain endothelial cells (Endo) (Fig

3.2a).

We next investigated the abundance of each cell type across the four genotypes (Fig.
3.2¢, d and Supp. Table 3.1). Here we found a significant increase in the proportion of
microglia from the APP-NLGF disease model in contrast to WT (F3,4)=0.6.68, p = 0.048),
while no significant differences were observed in the proportion of microglia from either
Del5 or InsT mouse brains. We also compared the proportions of sample in each subcluster
and found no significant differences in these proportions between the four genotypes (Supp.

Fig. 3.2, Supp. Table 3.1).
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*Adapted from Sun et al., Nat. Commun., 2019

Figure 3.1 Editing of the APP C-terminus yields a truncated APP protein preferentially
processed by the non-amyloidogenic pathway. A.) Schematic of the mouse App gene with
SpyCas9 PAM sites highlighted in yellow. Cut-site shown to generate therapeutic truncated
APP protein circled in red. Similar sequence in human 4PP gene used for editing in human
cells also shown. B.) Western blot analysis of proteins extracted from edited and control
hiPSC-neurons cultured with y-secretase inhibitor or extracted from the media of edited and
control hiPSC w/o g-secretase inhibitor show decreased A} production and increased
secretion of SAAPq in edited cells. Adapted from reference #17.
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3.3.3 Differential expression and gene set enrichment analysis

We then investigated cell-type specific transcriptomic differences between the APP-
NLFG and WT mouse brain and how those differences are impacted by the altered APP C-
terminus in InsT and Del5 mouse brains. Setting our thresholds at FDR (false discovery
rate/adjusted p-value) < 0.05 and log2FC > 0.25, we identified 657 differentially expressed
genes (DEGs) between APP-NLFG and WT brains: 83 in brain endothelial cells, 66 in
microglial cells, 50 in dual receptor expressing neurons, 53 in GABAergic neurons, 60 in
glutamatergic neurons 424 in oligodendrocytes and 5 in oligodendrocyte precursor cells.
None of these DEGs were common to all cell-types suggesting cell-type specificity in
differential expression. However, 17 DEGs were common to all three neuronal subtypes.
Additionally, 17 microglial DEGs have previously been identified in disease-associated

microglia (DAM) in Alzheimer’s disease®’52,

To identify potential functional consequences of these gene expression differences,
we performed gene set enrichment analysis (GSEA) using the BioCarta canonical pathways
database (GSEA). To avoid potential false positives, we limited our results to those with FDR
< 0.25 and nominal p-value < 0.05. In our disease model we found significant negative
enrichment in cell-signaling, cell-cycle and gene-expression regulatory pathways within
microglial cells; oligodendrocytes exhibited positive enrichment in cell-cycle pathways and
negative enrichment in cell-signaling, immune, stress and inflammatory response pathways,
and brain endothelial brain cells showed negative enrichment in the Ask1-NEF stress
response pathway (Fig. 3.3a). While there was no direct overlap in pathway enrichment
between microglia and oligodendrocytes, leading edge analysis indicated a number of genes
related to calcium signaling (Prkca, Prkarlb, Camk2a, Calml) in the core enrichment subsets
for pathways in both of these cell-types, suggesting dysregulation of calcium signaling in

these cell-types. Aberrant calcium signaling and perturbed calcium homeostasis in
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oligodendrocytes and microglia have been shown to play a prominent role in AD

83,84
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Figure 3.2 Identification of cell-types. A.) UMAP projection of 86,897 single nuclei
transcriptomes (19,737 from 2 APP-NFGL, 23,058 from 2 InsT, 24,660 from 2 Del5 and
19,442 from two wild type mouse brains. B.) Feature map illustrating expression level and
location of key marker genes for each cell-type Slc17a7 indicated glutamatergic neurons,
Gad] indicates GABAergic neurons, Pdgfra indicates oligodendrocyte progenitor cells, Mbp
indicates oligodendrocytes, Tgfbrl indicates microglia and Cldn5 indicates brain endothelial
cells. C.) Stacked bar graph illustrating the percentage of samples in each cluster across the
four genotypes. D.) Bar graph showing a significant increase in the proportion of microglia
from APP-NLGF samples. E.) Dot plot showing the expression levels of well-known cell-
type specific marker genes. Slc17a7, Slclal, and Camk2a indicate glutamatergic neurons,
Gadl, Gad2 and Nxphl indicate GABAergic neurons, Pcdh15, Tnr, Oligl and Olig2 indicate
oligodendrocyte progenitor cells, MBP, Mag, Mog, Pipl, and St18 indicate oligodendrocytes,
ApoE is primarily expressed in astrocytes but can also be expressed in other glial cells and
neurons. Lrmda, Dock8, Plxdc2, Tgfbrl and Trem2 indicate microglia. Cldn5, Flt1, and Ebfrl
indicate brain endothelial cells.

Differential expression and gene set enrichment analyses were also performed on InsT
and Del5 mouse brain cell-types in comparison to both WT and APP-NLGF cell-types. In
Del5 samples compared with WT, we found that brain endothelial cells showed a similar
enrichment in the Askl signaling pathway observed in the disease model. Additionally, these
samples showed negative enrichment in several cell-signaling, immune response and
apoptotic pathways within GABAergic neurons. Oligodendrocytes from InsT samples
showed negative enrichment in gene-expression and cytoskeletal remodeling pathways,
positive enrichment in the TCR immune response pathway and a mix of positive and negative
enrichment in cell-signaling pathways when compared to oligodendrocytes from WT
samples. When compared to APP-NLGF, Del5 samples showed positive enrichment in the
Actl-NEF signaling pathway and OPCs showed negative enrichment in the Actl-Nef,

MAPK, and VIP, MAPK-KC pathways.
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Figure 3.3 Gene set enrichment analysis. A.) Heat map of NES scores for enriched
pathways across cell-types and genotypes. B.) Leading edge analysis highlighting
upregulated (red boxes) or downregulated (blue boxes) genes that represent the core
enrichment subset of DEGs within positively enriched (red text) or negatively enriched
(blue text) pathways within APP-NLGF microglial cells in contrast to WT microglial cells.
C.) Leading edge analysis highlighting upregulated or downregulated genes that represent
the core enrichment subset of DEGs within positively or negatively enriched pathways
within APP-NLGF oligodendrocytes in contrast to WT oligodendrocytes. D.) Leading edge
analysis within Del5 GABAergic neurons in contrast to WT GABAergic neurons. E.)
Leading edge analysis within InsT oligodendrocytes in contrast to WT oligodendrocytes.
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3.4 Discussion

The DEGs and differentially expressed pathways identified in this study elucidate
molecular changes in the APP-NLGF AD mouse model, and the potential to prevent these
changes through genome editing. Notably, we observed altered gene expression in microglial
cells that mimic known changes observed in DAMs in both DEG identity and directionality
of the expression change®. Additionally, down regulation of genes involved in calcium
signaling in APP-NLGF oligodendrocytes and microglia could be related to aberrant
regulation of calcium homeostasis and dysregulated calcium signaling in these cells that has
been associated with AD pathogenesis. C-terminal editing in the disease model had limited
impacts on pathway enrichment in the disease model. InsT samples showed downregulation
of the Toll pathway in endothelial cells when contrasted with the disease model and Del5
samples showed downregulation in pathways largely associated with inflammation, stress
response and apoptosis in OPCs and brain endothelial cells. This could suggest some rescue

of inflammation in these samples.

The implications of pathway enrichment analysis in APP-NLGF-DC animals in
contrast to WT is not immediately obvious. Here we see several pathways differentially
expressed in oligodendrocytes in InsT animals and in GABAergic neurons in Del5 animals.
Many of these changes appear to be potentially advantageous in the context of Alzheimer’s
disease. NFAT, Igflr, NOS1, GPCR and EGF signaling pathways have all been shown to be
associated with AD pathology and neurodegeneration®-°. Additionally, these cells show
downregulation in immune response and apoptotic pathways such as Cxcr, and TCR
pathways and down regulation of the protein Fyn which has been implicated in AD by its

interactions with Tau’'. However, the downregulation of these pathways observed here is in
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contrast to WT samples, not the disease model. Furthermore, downregulation of the CREB
pathway could have negative impacts on learning and memory and synaptic plasticity, and
downregulation of this pathway is a known contributor to hippocampal memory deficits in
age-associated cognitive decline and AD pathology. Therefore, more thorough investigation
is necessary to understand the magnitude and precise implication of this edit- which may vary
with more localized application in contrast to the germline modification in this model and

may also have different impacts on human neural cell-types than what is observed in mice.

Comparisons of the DEGs identified in these cell-types could be further cross
analyzed with single cell data generated from other AD single cell/single nuclei analyses to
assess differences and similarities between this and other models and human disease data, as
well as to further assess the implications of differential gene expression in the edited samples.
Additionally, more thorough investigation into pathway enrichment utilizing additional gene
set databases such as the GO, Reactome, WikiPathways and Hallmark gene set databases
followed by pathway enrichment mapping may generate deeper understanding of the

functional consequences of this edit.

A notable limitation in this study is that we did not identify any astrocytic cell clusters
in our single cell analysis, additionally the only neuronal subtypes identified were
glutamatergic, GABAergic and those expressing both vGlut and GADI. It is possible that we
did not recover nuclei from astrocytes while performing our nuclear isolation. They are
potentially more vulnerable to loss during freezing, shipping, and tissue processing.

However, we were able to identify astrocytes in sSnRNA data sets of nuclei isolated from fresh
hippocampi. Another possibility is that the astrocytes did not specifically cluster by cell-type
and are intermixed among the other clusters. This is likely to be the case for additional
neuronal subtypes. This can be determined by isolating specific clusters, such as all the

clusters identified as glutamatergic neurons, or a individual subclusters, and re-clustering the
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subsetted data. This will allow for greater resolution and is often employed for exploring
neuronal subtype. This process will very likely reveal missing neuronal subtypes and may
also help identify and separate astrocytes from the other cell-types. A second approach is to
use specific sets of cell-type markers to cluster the data, rather than performing unbiased

UMAP clustering.

Gene editing within the brain has tremendous potential for the treatment of
neurodegenerative disorders. However, thorough characterization of the impacts of any
potential therapeutic gene edit is essential for safety considerations in downstream clinical
applications. Genome editing has a potential for risks including off-target editing effects,
inflammatory responses as well as unpredictable impacts on gene regulation. Single cell
analyses offer the potential to fully characterize the impact of potential therapeutic edits in an
unbiased manner. Here we used single-nuclei RNA sequencing to characterize a potentially
therapeutic edit of the C-terminus of APP in an Alzheimer’s disease model background. We
have elucidated DEGs, and differentially enriched pathways between WT, disease model and
edited disease model which offer deeper understanding into the consequences of these edits

and can be used to guide future applications.

3.5 Methods

3.5.1 Mouse brain tissue

Flash frozen brain hemispheres were provided by the Roy lab, 2 hemispheres were used for
each genotype from two separate animals, one male, one female. Nuclei were then isolated
following 10X Genomics nuclear isolation protocol for adult brain tissue with some
modifications. In brief, frozen hemispheres were transferred directly to 5 ml of chilled lysis
buffer inside the chamber of a 7ml glass Dounce homogenizer. The homogenizer was placed

on ice for 5 minutes after which 3-5 passes were made with the smaller diameter pestle to
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begin homogenization of the tissue. The homogenizer with buffer and tissue was then placed
back on ice for 10 minutes after which 3-5 passes were made with the larger diameter pestle
completing the tissue homogenization and releasing the nuclei. Nuclei were then filtered,
washed and centrifuged to separate nuclei from cellular debris according to 10X protocol.
Myelin removal was not performed on nuclei from hippocampal tissue, but rather sucrose
density gradient centrifugation was utilized to complete purification of nuclei according to

10X protocol.

3.5.2 Single-nuclei RNA Sequencing:

Single- nuclei RNA-sequencing was performed by the UW-Madison Biotechnology Center
Gene Expression Center. The 10x Genomics Chromium Next GEM Single Cell 3’ Library
v3.1 Single Cell Gene Expression Assay was used to target 10 000 cells per sample with a
sequencing depth of 70,000 reads per cell according to the manufacturer's recommendations

(10x Genomics).

3.5.3 Single-nuclei RNA-sequencing analysis:

Alignments, pre-processing, quality control and integration of data sets:

Alignments were performed with 10X Genomics Cell Ranger 6.1.2. GRCm39 using the cell
ranger count pipeline with the GRCm39 Mus musculus genome from the Ensembl database
as the reference genome. By default, cellranger count only counts reads aligned to exons.
Since single-nuclei RNA assays capture unspliced pre-mRNAs containing intronic reads in
addition to mature mRNA the include-introns flag was added to the cellranger count
command to ensure these reads were counted, as is recommended for snRNA seq analysis by
10X genomics. Default quality control filtering settings in Cell Ranger were utilized as the

192

first round of quality control”~. After alignments and filtering in Cell Ranger a second round

of quality control filtering was performed with Seurat version 4.1.1. To exclude potential
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dead cells and cell debris, we filtered out nuclei with < 500 UMIs, < 200 genes, > 20,000

genes and > 10% mitochondrial genes.

Integrative analysis:

The data were then integrated following the workflow outlined in the Seurat guided analysis.
We first log-normalized the filtered matrices and identified highly variable features for each
sample using the FindVariableFeatures function with default parameters. We then used the
FindIntegrationAnchors function to identify variable features conserved across the data sets
and used these anchors to integrate the datasets using the IntegrateData function. We
subsequently scaled the integrated matrix and performed linear dimensional reduction using
the RunPCA function. We then used an elbow plot to visualize the percentage of variance
explained by each principal component and opted to use the first 20 principal components for
graph-based clustering. Next, we performed UMAP and K-nearest neighbor clustering using
the function RunUMAP with the parameter dims = 20 and the functions FindNeighbors and

FindClusters with the parameter resolution = 0.6.

Differential Expression Analysis:

Differentially expressed genes were identified for each cluster in contrast to the all other
clusters by the Wilcoxon rank-sum test using the function FindA/IMarkers with the
parameters logfc.threshold = 0.25 and min.pct = 0.10. These genes along with the expression

of previously established cell-type marker genes were used to identify cluster cell-types.

Differential expression analysis to identify cell-type specific impacts of genotype were
performed using the function FindMarkers. Comparisons were made between a single cell-
type (i.e. glutamatergic neurons) from a given genotype (i.e. Del5) in contrast to the same cell
-type from either wild-type or APP-NFGL. This function also uses the Wilcoxon rank-sum

test. Significance threshold was set at logfc.threshold = 0.25, min.pct = 0.10 and adjusted p-
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value < 0.05 (adjusted p-value is also known as FDR and is the Bonferroni corrected p=value

of the significance of differential expression considering all other features of the dataset).

Similar cell-type specific differential expression analysis with FindMarkers was also used to
generate differential expression lists used in GSEA analysis. Since GSEA functions best
when ranked expression is included for all or most expressed genes the logfc.threshold for

this analysis was set at 0 and min.pct = 0.10.

Gene Set Enrichment Analysis was performed using GSEA version 4.2.3 and the pre-ranked
GSEA analysis. Gene lists with log2 fold change and p-values were generated using the
FindMarkers function in Seurat as described above. Ranked gene lists in .rnk format were
generated using 1og2FC and p-adj values by eVITTA easyGSEA®*. Ranked gene lists were

compared to 72 canonical pathway mouse gene sets contained within the Biocarta database.
Statistical analysis

Differential expression statistics were generated by Seurat using the Wilcoxon rank-sum test
with Bonferroni correction expressed in adjusted p-values. Pathway enrichment analyses

statistics were generated by GSEA. All other statistical analyses were performed with Graph
Pad Prism9. One-way ANOV As were performed to evaluate the differences between means

across the genotype groups with multiple comparisons using the Tukey’s HSD.

Acknowledgments: We would like to thank the Roy lab for their help with this study and for

providing the transgenic mouse brains used in this analysis.
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4 Transcriptomic profiling of the mouse brain after intracerebral
injection of Cas9 nanocapsule genome editors

Intracerebral injections described in this study were performed in Dr. Jon Levine’s Lab by
Jesi Felton or Dr. Mathew Flowers. Nanocapsules were generated in Dr. Sarah Gong’s Lab
by Dr. Yuyuan Wang. Single nuclei RNA sequencing was performed by the UW Madison
Biotechnology Gene Expression Center.
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4.1 Abstract

Evaluating the editing efficiency and cell-type specificity of genome editors is a critical task
for developing somatic cell genome editing strategies, especially for those that target the
brain. Standard methods rely on deep sequencing at the on-target site combined with
immunohistochemistry within treated animal model systems to enumerate the types of edited
cells in select tissues after administering genome editors. In particular, animal reporter
systems that express fluorescent proteins after successful on-target genomic editing provide
robust platforms to evaluate the number of edited cells but typically incorporate limited
opportunities to co-register cell-type markers with the reporter protein. Thus, molecular
characterization of an edited cell typically is limited to 2-4 cell-type markers that can be
imaged simultaneously with the fluorescent reporter. Here, we report on a new method to
deeply characterize the transcriptome of edited cells within the brain of Ail4-tdTomato
reporter mice. We performed single nuclei RNA sequencing (snRNA-seq) on nuclei isolated
from the hippocampi after intracranial injection of nanoparticle genome editors into the
hippocampus. We utilized a previously developed biodegradable nanocage (NC) capable of
delivering preassembled SpyCas9 protein-gRNA ribonucleoprotein complexes (RNPs). RNPs
targeting the Ail4 loxP-STOP cassette were encapsulated into these NCs and delivered into
the hippocampus via intracranial injection. After performing snRNA-seq, we observe the
capture of ~500-15000 unique transcripts per nuclei and robust 4i/4-tdTomato reporter
expression in nuclei from neuronal, glial, and oligodendrocytic cells. Additionally,
differential cell-type specific transcriptomic shifts were identified primarily in immune and
cell signaling pathways between treatment with recombinant adeno-associated viral vectors
(rAAV) or NC. Overall, transcriptional profiling provides a high-resolution and

complementary method to examine the cellular outcomes from genome editing within animal
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reporter systems, which has high potential to inform the clinical development of genome

editing therapeutics.
4.2 Introduction

CRISPR/Cas9 based genome editing has rapidly become one of the most promising tools for
treating human genetic diseases. This tool holds particular promise for the treatment of
neurodegenerative disorders where conventional pharmacological treatments have been
largely unsuccessful and where a necessity for invasive delivery mechanisms can make repeat
dosing considerably problematic'®. However, there are still a number of safety challenges that

need to be addressed when evaluating potential gene-editing based therapies.

For genome editing, safety considerations include the potential for off-target genomic
editing, cell-type specific responses to editing, mRNA misregulation and transcriptional
perturbations. Alterations in alternative splicing, the production of gain of function proteins, a
p53 mediated stress response, and unpredicted impacts on gene expression regulation and cell
signaling can all have deleterious impacts on cellular function and survival®!*>, Standard
methods for evaluating editing efficiency and cell-type specificity often rely on deep
sequencing at the on-target and predicted off-target sites, combined with
immunohistochemistry within treated animal model systems to enumerate the types of edited
cells in select tissues after administering genome editors. Animal reporter systems that
express fluorescent proteins after successful on-target genomic editing provide robust
platforms to evaluate the number of edited cells, but typically incorporate limited
opportunities to co-register cell-type markers with the reporter protein®°°. Thus, molecular
characterization of an edited cell is typically limited to 2-4 cell-type markers that can be
imaged simultaneously with the fluorescent reporter, limiting the scope of cell-type

identification and the ability to detect immune response or transcriptional perturbations.
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Here we have utilized single nuclei RNA sequencing to deeply characterize the
transcriptome of edited cells within the hippocampus of Ail4-tdTomato reporter mice to
thoroughly characterize the safety and efficacy of editing in the hippocampus via non-viral,
nanocapsule-mediated delivery of SpyCas9 RNP. We utilized a previously developed
biodegradable nanocage (NC) capable of delivering preassembled SpyCas9 protein-gRNA
ribonucleoprotein complexes (RNPs)?”. RNPs targeting the Ail4 loxP-STOP cassette were

encapsulated into these NCs and delivered into the hippocampus via intracranial injection.

Our transcriptomic analysis identified nine major cell-types of the hippocampus
(glutamatergic neurons, GABAergic neurons, astrocytes, oligodendrocytes, pericytes,
ependymocytes and vascular smooth muscle cells), largely mirroring previously published
single cell characterization in the hippocampus®®. We observed broad reporter activation in
response to Cas9 and positive-control administration of rAAV-Cre, particularly within
glutamatergic neurons. Additionally, we identified differential tropism and differential cell-
type specific transcriptomic shifts, primarily within immune and cell-signaling pathways,
between treatment with NC and rAAV. Overall, transcriptional profiling provides a high-
resolution and complementary method to examine the cellular outcomes from genome editing
within animal reporter systems, which has high potential to inform the clinical development

of genome editing therapeutics.
4.3 Results

4.3.1 Single-nucleus transcriptomic profiling of genome-edited and control Ail4
mouse hippocampi

To characterize the impact of NC-mediated gene editing with a genetically integrated
reporter, we utilized a well-established Ail4 mouse model® (Fig. 4.1a). These mice harbor a

modification at the Rosa26 locus containing a loxP-flanked STOP cassette (three repeats of
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the SV40 polyA sequence) upstream of a tdTomato coding sequence (Fig. 4.1b). This allele
was originally designed for Cre-mediated recombination at the /oxP sites leading to excision
of the stop cassette to promote expression of Ail/4-tdTomato transcripts. To employ this
model as a reporter for Cas9-induced genome editing, we utilized a guide RNA sequence
(sgAil4-targeting) which targets three distinct areas of the Ail4 stop cassette. Multiple
double strand breaks at any two of the three sites is predicted to delete the intervening
sequence and remove the STOP cassette, thereby allowing transcription of tdTomato to occur.
Use of this guide sequence has previously been shown to activate tdTomato expression in this
allele within a similar mouse model (Ai9, which included a downstream selection cassette
that should not affect tdTomato expression from this allele)’*. We have previously utilized
the Ail4 model with this sgAil4-targeting guide sequence to identify edited cells in the retina

and muscle upon injection of NCs.

To perform genome editing, Cas9 ribonucleoprotein (RNP) containing sgAil4-
targeting RNA were encapsulated by polymeric nanocapsules (NC-Cas9) and sterotactically
injected into the hippocampi of adult Ail4 mice. We then used unbiased high-throughput
single nuclei RNA sequencing (Fig. 4.1a) to examine the transcriptional profiles of these
hippocampi (n = 4). These profiles were compared to control hippocampi from uninjected (n
= 1), and PBS injected (n =1) Ail4 mice, Ail4 mice injected with nanocapsules containing
RNP with scrambled non-targeting guide (NC-scram, n = 2), as well as Ail4 mice
sterotactically injected with recombinant adeno-associated viral vectors expressing Cre-
recombinase (rAAV-Cre, n = 2) (Fig. 1a and 1c.). To verify the activity of the sgAil4-
targeting guide RNA and the ability of our analysis to capture Ail4-tdTomato transcripts
using our workflow, we isolated mouse fibroblasts from the tail tips of Ail4 mice. These
cells were then edited in vitro via nucleofection of RNPs loaded with sgAil4-targeting

sgRNA. tdTomato expression in the nucleofected fibroblasts was verified with
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immunofluorescence microscopy and flow cytometry (Fig. 1d). Further, flow cytometry
analysis indicated that an average of 15.3% (n = 3) of these fibroblasts were tdTomato+ (Sup.
Fig. 4.1), which is consistent with prior studies of nucleofection of RNP with the Ail4

model®*?7.
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Figure 4.1 Single nuclei sequencing of mouse hippocampi treated with genome editors.
A.) Overview of experimental workflow: stereotactic injection was used to deliver NC-Cas9,
NC-scram, rAAV-Cre or PBS to the hippocampus of Ail4 mice, an uninjected control, WT
control and in vitro edited Ail4 mouse fibroblasts were also analyzed). B.) Schematic of the
Ail4 stop cassette upstream of the tdTomato targeting region and the regions targeted by the
Ail4-targeting gRNA. C.) Summary of the hippocampal samples, treatment and nuclei used

for this analysis.
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4.3.2 Identification and analysis of cell types across treatments

A custom Ail4 reference genome was generated with the mkref function in 10X Genomics
Cell Ranger 6.1.2 by appending the tdTomato coding region of the Ail4 transgene to the
GRCm39 Mus musculus genome®?. The cellranger count pipeline was then used to align
single nuclei sequencing reads to the Ail4 reference genome. Default setting in the cellranger
count pipeline were utilized for filtering and cell calling in the first round of quality control.
Subsequent single nuclei analyses were performed with Seurat version 4.1.1 in R and R
studio version 4.2.0. Here we performed a second round of quality control to exclude
potential dead cells and cell debris, filtering out nuclei with < 500 unique molecular indexes
(UMIs), <200 genes, > 20,000 genes and > 10% mitochondrial genes (Methods). After
quality control, we analyzed the transcriptional profiles of 76,755 nuclei, 39,737 from four
NC-Cas9 treated Ail4 hippocampi, 15,090 from four control Ail4 hippocampi and 16,572
from two rAAV-Cre treated Al14 hippocampi (Fig. 4.1¢). Importantly, to ensure the
specificity of Ail4-tdTomato transcript detection in our downstream analysis, SIRNA
sequencing was performed on nuclei isolated from a wild-type mouse brain hemisphere. The
resulting WT cDNA libraries were aligned to the Ail4 reference genome and queried for
Ail4-tdTomato+ nuclei. No Ail4-tdTomato+ nuclei were detected in these wild-type

samples.

We first performed initial unbiased uniform manifold approximation and projection
(UMAP) clustering on all samples’>. This analysis permitted visualization of the entire
dataset in lower dimension, and a two-dimensional plot is shown in Fig. 4.2a. This process
identifies features expressing high cell to cell variability, uses these features to define clusters

of cells with similar feature expression patterns and then projects this high dimensional data
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into two-dimensional space. We initially observed 37 unique cell clusters, which we
subsequently categorized into nine major cell-types (glutamatergic neurons, GABAergic
neurons, astrocytes, oligodendrocytes, pericytes, ependymal cells and vascular smooth
muscle cells) according to their individual transcriptome profiles and previously reported
markers of cell types in the mouse hippocampus’#7° (Fig. 4.2b, ¢, and Supp. Fig. 4.2). To
facilitate analysis, small adjacent and/or overlapping clusters of the same cell-type were
regrouped into single clusters ultimately yielding 22 clusters (Fig. 4.2a). The distribution of
these clusters were 8§ subtypes of glutamatergic neurons (N_Glu), GABAergic neurons
(N_Gaba), three subtypes of oligodendrocytes (Olig), two subtypes of astrocytes (Astro),
three subtypes of microglia (Micro), choroid plexus cells (CPC), ependymal cells (EPC),
pericytes (Prcyts), and vascular smooth muscle cells (vSMC). High expression of marker
genes for each of these cell types are shown in Fig. 4.2b and are largely restricted to specific

cell types. Globally distinguishing marker genes for nine cell types are shown in Fig. 2c¢.

We next investigated the abundance of each of the nine major cell-types across the
three treatment groups (Fig. 4.3). Only very slight variations in cell-type and cluster
proportions were observed between the different control samples (NC-scram (n=2), PBS
injected (n=1), and uninjected (n=1), therefore these samples were considered as one
“Control” group for all subsequent cell-type and cluster abundance comparisons (Supp. Table
4.3). Significant differences between the treatment groups were identified in cell-type
proportions for glutamatergic neurons (F2,7y=7.629; p = 0.017), oligodendrocytes (F2,7) =
5.816; p =0.33), and astrocytes (Fp,7) = 4.867; p = 0.047). Treatment with either NC-Cas9 or
rAAV-Cre resulted in ~15% decrease in the proportion of glutamatergic neurons; with
significance in the NC-Cas9 treatment group (NC-Cas9 mean diff =-16.01, p=0.019;
rAAV-Cre mean diff = -14.25, p =0.072). Astrocytes also decreased in response to both NC-

Cas9 and rAAV-Cre treatment, ~5%, with significance in the NC-Cas9 treatment (NC-Cas9
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mean diff = -5.60%, p = 0.041; rAAV-Cre mean diff = -3.70%, p = 0.28). Oligodendrocytes
were increased ~20% in both NC-Cas9 and rAAV-Cre groups in comparison to control, again
with significance in the NC-Cas9 treatment (NC-Cas9 mean diff = 21.65%, p = 0.03; rAAV-
Cre mean diff = 15.10%, p = 0.20). No significant differences in cell-type proportions were

observed between NC-Cas9 and rAAV-Cre treatment groups.

Clustering analysis identified eight separately clustering subtypes of glutamatergic
neurons [N_Glu(1) — N_Glu(8)], three subtypes of oligodendrocytes [Olig(1) — Olig(3)], two
subtypes of astrocytes[(Astro(1) and Astro(2)], and three subtypes of microglia [Micro(3)]. In
order to determine if treatment with NC-Cas9 or rAAV-Cre resulted in population shifts
within these subtypes, we compared the proportions of samples within subtype clusters. Here
we found significant reduction in the proportion of samples represented in the microglial
subtype Micro(3) (Fig. 4.3¢; F2,7y = 7.771, p = 0.017). This cluster was significantly reduced
in NC-Cas9 treated samples in comparison to both Control (mean diff =-0.24, p=0.035)

and rAAV-Cre treated samples (mean diff =-0.30, p = 0.027).
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Figure 4.2 Cell types in treated mouse hippocampi (continued on the next page)
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Figure 4.2 Identification of Cell Types. A.) UMAP projection of 76,655 single-nuclei transcriptomes
of Ail4 treated hippocampi (39,737 from 4 NC-Cas9 treated hippocampi, 15,090 from 4 control treated
hippocampi and 16,572 from 2 rAAV-Cre treated hippocampi.) Identified clusters are: 8 subtypes of
glutamatergic neurons [N_Glu(1) — N_Glu(8), GABAergic neurons (N_Gaba), 3 subtypes of
oligodendrocytes [Olig(1)-Olig(3)], 2 subtypes of astrocytes [Astro(1)-Astro(2)], 3 subtypes of
microglia [Micro(1)-Micro(3)], choroid plexus cells (CPC), pericytes (Prcyts) and vascular smooth
muscle cells (vSMC). B.) Dot plot illustrating the expression levels of well-known cell-type specific
marker genes in each cluster. Dot color indicates the average scaled expression level of cells within that
cluster. Data is scaled such the average expression level of a gene across the whole data set = 0 and the
standard deviation =1. Negative expression levels indicate expression levels below the average of the
entire data set, positive expression levels indicate expression levels higher than the average of the data
set. Lower expression levels are indicated by more yellow circles while higher are indicated by darker
purple circles. Rbfox3 indicates neuronal cells, Slc17a7, Slclal, and Camk?2a indicate glutamatergic
neurons, Gadl, Gad2 and Nxphl indicate GABAergic neurons, MBP, Pip1, St18 indicate
Oligodendrocytes, ApoE is primarily expressed in astrocytes but can also be expressed in other glial
cells and neurons. Gpc5, Slcla2, Gjal Agp4 and Gfap indicate astrocytes, Cped1, Bmp6, Lefl, Lrmda,
Tgfbrl and Trem?2 indicate microglial cells, KI, Slc4al0 and Clic6 indicate choroid plexus cells,
Ccdc153, Tmem212 and Ak7 indicate ependymal cells, and Acta2, Myh11 and Tbx18 indicate vascular
smooth muscle cells. C.) Feature Plot showing the location and scaled level of expression of one key
marker gene for each cell type in the UMAP. Grey indicates expression levels < average expression of
the entire data set; darker red indicated increased expression of the marker gene.
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Figure 4.3 NC-Cas9 shifts in cell-types upon treatment with nanoparticle genome editors
versus control treatments A.) Stacked bar graph illustrating the percentage of samples in each
cluster across treatment groups. B.) Bar graphs illustrating major cell-types where significant
shifts in proportions were observed between treatment groups. Both NC-Cas9 and rAAV-Cre
treatments showed decreased percentages in glutamatergic neurons and astrocytes and increased
oligodendrocytes. Glutamatergic neurons were decreased by roughly 10%, astrocytes by roughly
5% and oligodendrocytes were increased by roughly 20% in both NC-Cas9 and rAAV-Cre treated
samples, these differences were significant for NC-Cas9 treated samples. C.) Bar graph illustrating
cell subtypes where significant shifts in proportions were observed across the treatment groups. A
significant reduction in cluster Micro(3) was observed in response to NC-Cas9, but not rAAV-Cre
treated samples. No other subtype clusters showed significant proportional shifts in response to
treatment.
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4.3.3 Analysis of differential reporter expression across treatments

To assess the editing efficiency of NC-Cas9 we compared the number of tdTomato+ nuclei
between Control, NC-Cas9 and rAAV-Cre treated groups and used differential expression
analysis to evaluate differences in tdTomato expression levels between Control and NC-Cas9
or rAAV-Cre treated groups. As with cell-type and cluster proportions, only very slight
variations in proportion of tdTomato+ cells or in tdTomato expression level were observed
between the different control conditions overall, within major cell-types, or within subtype
clusters. Therefore, all control conditions were treated as one “Control” group for all
subsequent comparisons of tdTomato expression. NC-scram treated hippocampi had 15.9 and
15.1% tdTomato+ nuclei; uninjected and PBS injected controls had 16.9 and 17.8%

tdTomato+ nuclei, respectively.

Overall, 28.6% of nuclei from NC-Cas9 treated hippocampi were tdTomato positive
in contrast to 16.3% percent of nuclei from control treated hippocampi. Hippocampi treated
with the positive control, rAAV-Cre recombinase, had a slightly higher percentage of
tdTomato positive nuclei at 31.6%. There was very little difference in the percent of
tdTomato+ nuclei between NC-scram, uninjected and PBS injected controls. NC-scram
treated hippocampi had 15.9 and 15.1% tdTomato+; uninjected and PBS injected controls had
16.9 and 17.8% tdTomato+ nuclei, respectively. The capture of these transcripts indicates
leakiness of the Ail4 loxP-STOP allele. Differential expression analysis of nuclei from NC-
Cas9 and rAAV-Cre treated hippocampi showed a 1.5- and a 1.7-fold increase in tdTomato

expression, respectively, in comparison to Controls (p-adj = 0 for both comparisons).

To assess cell-type specificity in nanocapsule or rAAV targeting, we compared the
percent of Ail4- tdTomato+ nuclei in each of the 9 major cell-types (Fig. 4.4b). Significant

differences among treatment groups were observed in glutamatergic neurons (F2,7y=5.754, p
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= 0.033) and vascular smooth muscle cells (F,2)=44.54, p = 0.022). The percentage of
tdTomato+ glutamatergic nuclei were increased in both NC-Cas9 (mean diff = 20.26, p =
0.064) and rAAV-Cre (mean diff = 26.33, p = 0.052), however, neither direct comparison of
means passed the 95% significance threshold. Vascular smooth muscle cells showed a
significantly higher percentage of tdTomato+ nuclei in rAAV-Cre treated samples in
comparison to both Control (mean diff = 20.8, p = 0.027) and NC-Cas9 (Fig. 4.4d, mean diff
=17.75, p=0.027). For several samples of this cell-type were represented at < 3 cells per

sample which may skew the expression results for this cluster (Supp. Table 4.3).

Within cell subtype clusters, all clusters showed an increase in the percentage of
tdTomato+ nuclei from hippocampi treated with NC-Cas9 or with rAAV-Cre. N_Glu(2)
showed significant differences among treatment groups (F2,7)= 6.646, p = 0.024) with
roughly 20% more tdTomato+ nuclei in NC-Cas9 (mean diff = 16.35, p = 0.054) and rAAV-
Cre (mean diff = 22.22, p = 0.035) (Fig4.4a). This increase was significant in the rAAV-Cre
treatment group. N_Glu(7) also showed significant differences among the treatment groups
(F,7 =4.831, p = 0.048), also with roughly 20% more tdTomato+ nuclei from NC-Cas9
(mean diff = 15.95, p =0.12) and rAAV-Cre (mean diff = 20.85, p = 0.093); however neither
direct comparison of means passed the 95% significance threshold (Fig. 4.4a). Significant
differences were also observed for the astrocyte subtype Astro(1) (F,7)=5.035, p=0.044).
However, this group showed a considerably larger increase in percentage of td7Tomato+
nuclei in response to rAAV-Cre (mean diff = 31.45, p = 0.037) than to NC-Cas9 (mean diff =

11.00, p = 0.41) (Fig. 4.4a).

Differential expression analysis between individual clusters from Control and NC-
Cas9 treated samples showed a significant increase in tdTomato expression levels in 16 of the
22 clusters in response to NC-Cas9 treatment (Supp. Table 4.1). For most clusters, this

increase in expression was modest (between 1.1 and 1.5), however a subtype of
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oligodendrocytes, Olig(2) showed a more robust increase in td7omato expression at 2.6-fold.
Statistically significant differential expression of tdTomato in response to NC-Cas9 treatment
was not observed in clusters Olig(3), Micro(2), Micro(3), EPC, Pericytes, or vSMC. A
similar, modest yet significant, increase in td7omato expression was observed in response to
treatment with rAAV-Cre in all clusters apart from Astro(2), Pericytes and vSMC. rAAV-Cre
treatment elicited more robust increases in expression in clusters CPC (FC = 1.6), Micro(2)

(FC =2.0), Astro(1) (FC =2.2) and Olig(2) (FC = 2.1) (Fig. 4.43 and Supp. Table 4.2).
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Figure 4.4: tdTomato reporter expression across treatments. A.) Bar graphs indicating the percent
of tdTomato+ nuclei in each cluster B.) Bar graphs indicating the percent of tdTomato+ nuclei in 9
major cell-types. C.) Dot plot illustrating scaled reporter expression levels as well as percentage of
cells expressing tdTomato in all clusters across the three treatment groups.

4.3.4 Identification of pathways affected by treatment with NC-Cas9 or rAAV-Cre

To investigate potential transcriptomic changes in response to treatment, we
compared individual clusters from control treated hippocampi to those from NC-Cas9 or
rAAV-Cre treated hippocampi using differential expression and gene set enrichment analysis
(GSEA), using the BioCarta mouse canonical pathways database’>!%*1%!_ To avoid potential
false positives, we limited our results to those with false discovery rates (FDR) < 0.25 and
nominal p-value < 0.05. Here we found significant downregulation in five cell signaling and
immune response related pathways across three clusters in NC-Cas9 treated samples (Fig.
4.5). Reduced expression of Camk2a was identified in the leading-edge subset in all three
downregulated pathways for cluster N_Glu(4) as well as in the HDAC pathway in Micro(3).
Reduced Ppp3ca expression contributed to the leading-edge subset for downregulation of the

VIP pathway in Micro(3), N_Glu(4) and N_Glu(7).

Comparisons between clusters from hippocampi treated with rAAV-Cre and control
treated hippocampi showed more enriched pathways than were observed in response to NC-
Cas9. Here we found enrichment in 14 pathways, across six clusters including Micro(3),
N_Gaba, and four glutamatergic subtype clusters. Several of the upregulated pathways are
related to inflammation and immune response (Fig. 4.5). Micro(3) showed enrichment in nine
pathways associated with immune response, inflammation, cell-signaling and proliferation.
Nearly all these pathways have been shown to be associated with activated microglia, pro-
inflammatory response, neurotoxicity and neurodegeneration'?>1%_ Of note, is the

overexpression of Statl observed in nuclei of this cluster from rAAV-Cre treated samples
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which is implicated in the leading-edge subset for all but two of these enriched pathways
(Fig. 4.5b). Statl is also found in the leading-edge subset for two of the enriched pathways in
cluster N_Glu(1) (Fig. 4.5b), both enriched pathways in N_Glu(7), and MAPK pathway
enrichment in N_Glu(6) and N_Glu(8). Statl is a transcription factor that has been shown to
be activated in neurons in response to viral infection. This transcription factor is a driver of
microglia activation and neuroinflammation and has been shown to regulate pro-apoptotic

factors in neurons!''%'12,



63

R NC-CasdvCntrl  rAAV-Cre v Cntrl I rAAV-Cre v NCAi14 \
$SS5sISES 2353388
T 323 38§ 23353535 8§ 23535 3@m
S O © 5 © B OB VW B 5 O O O B O W o
s 2 2 52 F 22T E
NFAT Pathway immune response
FMLP Pathway immune response
VIP Pathway immune response
Toll Pathway immune response
TCR Pathway immune response
BCR Pathway immune response
TNFR1 Pathway immune response
P38 MAPK Pathway inflammation
Ceramide Pathway inflammation
Chemical Pathway apoptosis
MAPK Pathway | cell signaling
MAPK-KC Pathway cell signaling
HDAC Pathway cell signaling
Biopeptides Pathway cell signaling
TPO Pathway cell signaling
GS3K Pathway cell signaling
Rho Pathway cell signaling
eiF4 Pathway cell signaling
Pyk2 Pathway cell signaling
EGF Pathway proliferation
Gleevec Pathway proliferation
PDGF Pathway proliferation
B.
- b=
§g¥%g§§§§§~§§
SEEEE88EEREES
TNFR1 C. < & ©
Ceramide EE - 5
P38 MAPK 88&&
Gleevec MAPK-KC
MAPK NFAT .
PDGF FMLP IM'°'°(3)
Biopeptides HDAC Flaia)
TPO
EGF Leading edge genes for pathways
Rho Micro(3) negatively enriched in NC-Cas9 treated
GS3K N_Glu(1) clusters Micro(3) or N_Glu(4)
Toll g
eif4

Leading edge genes for pathways positively
enriched in rAAV-Cre treated clusters Micro(3),
N_Glu(2), or Both

Figure 4.5 Pathway enrichment in NC-Cas9 and rAAV-Cre treated nuclei: caption continued on
the next page
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Figure 4.5 Pathway enrichment in NC-Cas9 and rAAV-Cre treated nuclei. A.) Heatmap of
normalized enrichment scores for enriched pathways in clusters across treatment groups.
Negative enrichment scores indicate downregulation of genes associated with that pathway
while positive values indicate upregulated pathways. B.) Leading edge analysis of positively
enriched pathways in Micro(3) and N_Glu(2) treated with rAAV-Cre. Red text indicates
pathways enriched in Micro(3), green text for pathways enriched in N_Glu(1), yellow text
enrichment in both cell subtypes. Red boxes indicate upregulated genes that contribute to
core enrichment for the pathway in Micro(3), green for core enrichment genes in N_Glu(1)
and yellow boxes for both cell subtypes. C.) Leading edge analysis of negatively enriched
pathways in Micro(3) and N_Glu(4) treated with rAAV-Cre Purple text indicates pathways
negatively enriched in Micro(3), blue text for N_Glu(4). Purple boxes indicate
downregulated genes contributing to core enrichment in the pathway in Micro(3) and blue
boxes for N_Glu(4).

4.4 Discussion

4.4.1 Resolving genome editing efficiency NC-Cas9in hippocampal cell types

We observed broad reporter activation by Cas9 and Cre recombinase delivery to the
hippocampus. Treatment with either NC-Cas9 or rAAV-Cre resulted in a robust increase in
tdTomato expression in the hippocampus of Ail4 mice, with increases in the total percent of
tdTomato+ nuclei of 12.3% for NC-Cas9 treated hippocampi and 15.3% for treatment with
rAAV-Cre as well as significant fold-change increases in expression of 1.5 and 1.7,

respectively.

When comparing Cre recombinase mediated and Cas9-mediated reporter activation,
there are limitations on the fidelity of reporting of genome editing events. For Cas9-induced
genome editing at this reporter allele, NC-Cas94il4-tdTomato expression under-reports
genomic editing as excision of one or more SV40 polyA sequences in the stop cassette
requires at least two Cas9 double strand breaks (Fig. 4.1). One to two base target edits
containing indels arising from the DNA repair a single double strand break by Cas9 have

been detected in previous studies®*®’, but do not produce large deletions in the STOP
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cassette. Therefore, single cuts at this locus resulting in insertions or deletions are unlikely to
activate expression of tdTomato reporter transcripts. Moreover, it is possible that excision of
only one of the three SV40 polyA sequence is not sufficient to lift existing transcriptional
repression, creating the possibility that only Cas9 edits flanking two or more SV40 polyA
sequences result in increased tdTomato. It has been previously reported that tdTomato
expression only reports about 40% of Cas9 editing at this locus, however this analysis was at
the level of protein expression and may not precisely correlate to Ail4-tdTomato transcript
expression’®. Given these limitations on exactly correlating tdTomato transcript level and
presence to editing at the genetic level, we conclude that the range of reporter outcomes in
the hippocampus with the NC-Cas9 are similar to the positive control with Cre recombinase

delivered using rAAV serotype 9.

Treatment with NC-Cas9 appears to have the highest editing efficiency in
glutamatergic neurons which show a 20.26% increase in tdTomato+ nuclei. Choroid plexus
cells also showed roughly a 20% increase in the number of tdTomato+ nuclei after treatment
with NC-Cas9. One limitation with this dataset is that this cell-type was not represented in all
samples potentially skewing expression results for this cluster (Supp. Table 4.2).
Oligodendrocytes, GABAergic neurons, and astrocytes had more edited tdTomato+ cells,
ranging from 10-15% more positive nuclei in these clusters than control treated animals.
rAAV-Cre appears to have a similar tropism to glutamatergic neurons and oligodendrocytes
as NC-Cas9, with similar increases in td7omato+ nuclei in these clusters. However, this
AAV09 vector seems to have a much higher affinity to astrocytes and microglia than NC-Cas9
with a 27% and an 18% increase in tdTomato+ nuclei in these clusters, respectively, in
contrast to an 11% and 6% increase in these clusters from NC-Cas9 treated samples. Previous
studies with AAV9 delivery to the brain also indicate high tropism for astrocytes and

microglia''*!!*, Given that roughly 90% of neurons in the hippocampus are glutamatergic''>,
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this data suggests that this nanocapsule could be an effective option for targeting therapeutic

gene edits to hippocampal neurons.
4.4.2 Pathways responding to treatment with NC-Cas9 or rAAV-Cre

Overall, the samples treated with the rAAV-Cre viral vectors has more differentially
enriched pathways in multiple cell types than other samples in our dataset. Treatment with
rAAV-Cre resulted in enrichment of multiple pathways in astrocytes, oligodendrocytes,
glutamatergic neurons and GABAergic neurons. Of particular note are the pathways
upregulated in cluster Micro(3). Many of these pathways suggest activation of a
proinflammatory response in this subset of microglia. MAPK signaling in microglia has been
shown to initiate inflammatory cytokine release, and inhibition of this signaling pathway can
reduce microglial inflammatory response and subsequent neuronal damage'%>!%, TNFR1
signaling has also been shown to promote microglial inflammation and neurotoxicity '%.
Furthermore, Statl and Casp$ represent core enrichment genes for many of these pathways
both of which have been implicated in driving activation of proinflammatory microglia and
neurotoxicity!9-19610%111 pathways associated with proliferations such as EGF, and PDGF
pathways are also upregulated in Micro(3). Activated, proinflammatory microglia have high
proliferative capacity (microglia proliferation). These data suggest that treatment with rAAV-
Cre results in persistent activation in this subset of microglia that is not observed in NC-Cas9
or Control treated hippocampi. Chronic activation of microglia results cumulative neuronal
loss over time and has been strongly implicated in neurodegeneration in neurodegenerative
diseases, traumatic brain injury and hypoxia''®'?!. Immune response, inflammatory
pathways, and stress response pathways are also enriched in glutamatergic neurons after
rAAV-Cre treatment. Many proinflammatory and apoptotic signaling genes contribute to core
enrichment in these pathways, such as Daxx, Irakl, Eif2ak and Rela. Statlis also seen in the

leading-edge subset in several of these pathways and has been shown to induce apoptosis in
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neurons'!%!12, Pathways related to innate immune response have been detected in other edited

cell types, retinal pigmented epithelial cells and hematopoietic stem/progenitor cells!?*123,

While treatment with NC-Cas9 resulted in fewer enriched pathways across fewer
clusters, it is important to note that the magnitude of the normalized enrichment scores for
these pathways were far higher than those observed in rAAV-Cre enriched pathways. The
most significantly downregulated pathway is the MAPK-KC pathway in cluster Micro(3).
This pathway is a MAPK signaling pathway containing many of the same genes of the
proinflammatory pathways upregulated in Micro(3) after rAAV-Cre treatment, such as p38,
MAPK, and EGF. The leading-edge subset for downregulation of this pathway in NC-Cas9
treated Micro(3) includes /kbkb and Prkce, both of which have been shown to be associated
with microglia induced neurotoxicity, neuroinflammation and neuronal death!*12%, This
would seem to suggest that microglia in cluster Micro(3) have low levels of activation, which
could potentially be advantageous for the utilization of nanocapsules for therapeutic gene
editing in the hippocampus. However, these microglial cells are less reactive than those from
the control treated samples, and thus, there is the possibility that too little responsiveness in
microglia after nanocapsule facilitated editing could leave the area susceptible to
neurodegeneration via alternative mechanisms. For example, in the context of Alzheimer’s
disease, the TREM2 R47H mutation leads to reduced activation in microglia due to defective
TREM2 signaling, resulting in a significant reduction in plaque clearance and increase

neuronal dystrophy and ultimately neurodegeneration®?’,

Three additional immune response and cell-signaling pathways are found to be
downregulated in two glutamatergic subsets in NC-Cas9 treated hippocampi. Core
enrichment for these pathways are dominated by CamKII and the calcineurin subunit coding
genes Ppp3a, and Ppp3cc. CamKII and calcineurin signaling in the hippocampus play

essential roles in synaptic plasticity and learning and memory!?%12°. However, they are also
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implicated in excitotoxicity leading to neuronal cell death in neurological disorders!?*-13!,

Therefore, as with the downregulated pathways in Micro(3), this response could prove to be
advantageous for nanocapsule-mediated editing in the hippocampus, minimizing
excitotoxicity induced neuronal death, or it could implicate deficits in synaptic signaling in
response to nanocapsule-mediated gene editing. Both NC-Cas9 and rAAV-Cre treatment
resulted in a moderate reduction in the proportion of glutamatergic neurons and an increase in
oligodendrocytes, suggesting some degree of inflammatory response and neuronal death as a
result of treatment. However, there does not appear to be any significant differences in this

effect between the two treatments.

Deeply characterizing the tropism and delivery characteristics of delivery vehicles is
likely to be important preclinical data to establish the safety of potential genome editing
therapeutics. A p53 response has been noted in prior studies of CRISPR edited cells'*. We
find that these pathways are not significantly enriched in our edited cells. Further, we see no
gene expression signatures associated with proliferation at this timepoint, indicating that
tumorigenesis process is not observed specifically in the edited cells. These gene expression
signatures from potential unintended translocations or chromothripsis were not seen. Longer

term studies will be required to fully rule out these adverse outcomes from genome editing.

4.4.3 Conclusions and future steps

Here we have demonstrated the utility of snRNA seq to characterize the safety, efficacy and
cell-type specificity of gene-editing based therapeutics. This work has the potential to inform
best practices for evaluating novel delivery vectors and potential gene-editing based
therapeutics. We are currently investigating the spatial distribution of NC-Cas9 mediated
editing in the hippocampus and the striatum with RNAscope in situ hybridization assay. The
results of this study will serve to buttress our snRNA seq analysis of this editor in the

hippocampus, while also providing information on the distribution of editing throughout the
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hippocampus and the striatum. Additional experiments are being performed to evaluate NC-
Cas9 mediated gene editing in non-human primates targeting the endogenous APP gene in
Rhesus macaques. These studies should provide greater insight into the utility of this vector

for genome editing in the brain for the treatment of human neuropsychiatric disease.

4.5 Methods

4.5.1 Nanoparticle preparation:

NC-Cas9 were prepared as described in reference #9.No targeting ligands were employed for
these studies. sgRNA were synthesized by Synthego company with the following
modifications: 2’-O-Methyl at 3 first and last bases, 3’ phosphototioate bonds between first 3

and last 2 bases

4.5.2 Viral vectors:

AAV09 particles produced from pENN.AAV.CMVs.PL.Cre.rBG (#105537) at a titer > 1x10"3

vg/mL purchased from addgene.

4.5.3 Animal subjects:

Ail4 mice were obtained from The Jackson Laboratory. The care, use and treatment of all
animals were performed in accordance with protocols approved by the University of
Wisconsin- Madison Animal Care and Use Committee. All mice had free access to water and
food, were maintained under a tightly controlled temperature (21 + 5°C), humidity (35-45%)
and light/dark (12/12 h) cycle conditions. Animals were between 3 and 5 months at the time

of injection.

4.5.4 Intracerebral injections:
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Mice were anaesthetized by intraperitoneal injection of a ketamine (120 mg/kg), xylazine (10
mg/kg), and acepromazine (2 mg/kg) cocktail. Thermal stability was maintained by placing
mice on a temperature-regulated heating pad during the injection and for recovery purposes.
Brain injections were performed using stereotactic methods in a Stoelting stereotactic frame
equipped with a Stoelting Quintessential Stereotax Injector (QSI). The right or left
hippocampus was targeted at coordinates AP -2.06 mm, ML £1.35 mm, DV -1.7 mm using a
10 pl Hamilton syringe and 32-gauge 1 inch Hamilton small hub RN needle. The injections
were delivered at a rate of 0.2 pul/min, and the tip of the needle remained in place at the
injection site for 5 minutes post-injection, after which it was gently withdrawn. After

infusion, the operation field was cleaned with sterile saline and closed with surgical glue.

The solutions delivered were 1.5 ul of PBS, 1.5 pl of NC-no ligand with RNP
containing Ail4 guide, NC-no ligand with RNP containing non-targeting guide at
concentrations of 20 uM RNP suspended in PBS, or 1.5 ul of ready-to-use AAV9 particles
produced from pENN.AAV.CMVs.PL.Cre.rBG (#105537) at a titer > 1x10"* vg/mL

purchased from addgene.

4.5.5 Hippocampal dissections and isolation of nuclei:

Dissection of the hippocampus from mouse brains was performed as described previously
with moderate adaptions'**. In brief: animals were anesthetized to a surgical plane via
isoflurane inhalation, they were then immediately sacrificed with cervical dislocation and the
brain rapidly removed and placed into a semi-frozen slurry of carboxygenated (95/5, O2/CO»)
cutting solution (CS) (in mM: 212 sucrose, 2.6 KCI, 1.25 NaH,PO3, 26 NaHCO3, 0.5 CaCl,,
5 MgCl, 10 glucose). The hippocampi were then dissected from the brain on ice while
bathed in ice cold CS and placed directly into Sml of Hibernate AB media (Hibernate A, 2%

B27 and .5mM GlutaMax, BrainBits).
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Nuclei were then isolated from the hippocampi following 10X Genomics nuclear
isolation protocol for adult brain tissue with some modifications. In brief, hippocampi were
transferred to 5 ml of chilled lysis buffer inside the chamber of a 7ml glass Dounce
homogenizer. The homogenizer was placed on ice for 5 minutes after which 3-5 passes were
made with the smaller diameter pestle to begin homogenization of the tissue. The
homogenizer with buffer and tissue was then placed back on ice for 10 minutes after which 3-
5 passes were made with the larger diameter pestle completing the tissue homogenization and
releasing the nuclei. Nuclei were then filtered, washed and centrifuged to separate nuclei
from cellular debris according to 10X protocol. Myelin removal was not performed on nuclei
from hippocampal tissue, but rather sucrose density gradient centrifugation was utilized to

complete purification of nuclei according to 10X protocol.

4.5.6 Single-nuclei RNA Sequencing:

Single- nuclei RNA-sequencing was performed by the UW-Madison Biotechnology Center
Gene Expression Center. The 10x Genomics Chromium Next GEM Single Cell 3’ Library
v3.1 Single Cell Gene Expression Assay was used to target 10 000 cells per sample with a
sequencing depth of 70,000 reads per cell according to the manufacturer's recommendations

(10x Genomics).

4.5.7 Single-nuclei RNA-sequencing analysis:

Alignments, pre-processing, quality control and integration of data sets:

Alignments were performed using 10X Genomics Cell Ranger 6.1.2. We first created a
custom reference genome for the Ail4 mouse model by attaching the 4il4-tdTomato
transgene sequence beginning at the 5’ end of tdTomato coding region, continuing through
the Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element (WPRE) and

terminating at the 3’ end of the bovine growth hormone polyadenylation signal (bGH-PolyA)
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to the GRCm39 Mus musculus genome from the Ensembl database following the steps
outlined in the 10X genomics Cell Ranger make custom reference genome tutorial.
Alignments were then performed with the cellranger count pipeline. By default, cellranger
count only counts reads aligned to exons. Since single-nuclei RNA assays capture unspliced
pre-mRNAs containing intronic reads in addition to mature mRNA the include-introns flag
was added to the cellranger count command to ensure these reads were counted, as is
recommended for snRNA seq analysis by 10X genomics. Default quality control filtering
settings in Cell Ranger were utilized as the first round of quality control®?. After alignments
and filtering in Cell Ranger a second round of quality control filtering was performed with
Seurat version 4.1.1. To exclude potential dead cells and cell debris, we filtered out nuclei

with <500 UMIs, < 200 genes, > 20,000 genes and > 10% mitochondrial genes.

Integrative analysis:

The data were then integrated following the workflow outlined in the Seurat guided analysis.
We first log-normalized the filtered matrices and identified highly variable features for each
sample using the FindVariableFeatures function with default parameters. We then used the
FindIntegrationAnchors function to identify variable features conserved across the data sets
and used these anchors to integrate the datasets using the IntegrateData function. We
subsequently scaled the integrated matrix and performed linear dimensional reduction using
the RunPCA function. We then used an elbow plot to visualize the percentage of variance
explained by each principal component and opted to use the first 20 principal components for
graph-based clustering. Next, we performed UMAP and K-nearest neighbor clustering using
the function RunUMAP with the parameter dims = 20 and the functions FindNeighbors and

FindClusters with the parameter resolution = 0.6.

Differential Expression Analysis:
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Differential Expression Analysis:

Differentially expressed genes were identified for each cluster in contrast to the all other
clusters by the Wilcoxon rank-sum test using the function FindA/IMarkers with the
parameters logfc.threshold = 0.25 and min.pct = 0.10. These genes along with the expression

of previously established cell-type marker genes were used to identify cluster cell-types.

Differential expression analysis to evaluate cell-type and cluster specific differences in the
level of tdTomato expression between treatments were performed using the function
FindMarkers with the feature specified as Ai/4-tdTomato. Comparisons were made between
a single cell-type or cluster (i.e. glutamatergic neurons or Olig(2)) from either rAAV-Cre or
NC-Cas9 in contrast to the same cell -type or cluster from Control. This function also uses
the Wilcoxon rank-sum test. Significance threshold was set at logfc.threshold = 0.25, min.pct
=0.10 and adjusted p-value < 0.05 (adjusted p-value is also known as FDR and is the
Bonferroni corrected p=value of the significance of differential expression considering all

other features of the dataset).

Differential expression analysis to identify cell-type or cluster specific transcriptomic impacts
of treatment were also performed using the function FindMarkers. Comparisons were made
between a single cell-type or cluster from either NC-Cas9 or rAAV-Cre in contrast to the
same cell -type or cluster from Control. This function uses the Wilcoxon rank-sum test.
Significance threshold was set at logfc.threshold = 0.25, min.pct = 0.10 and adjusted p-value
< 0.05 (adjusted p-value is also known as FDR and is the Bonferroni corrected p=value of the

significance of differential expression considering all other features of the dataset).

Similar cell-type specific differential expression analysis with FindMarkers was also used to

generate differential expression lists used in GSEA analysis. Since GSEA functions best



74

when ranked expression is included for all or most expressed genes the logfc.threshold for

this analysis was set at 0 and min.pct = 0.10.

Gene Set Enrichment Analysis was performed using GSEA version 4.2.3 and the pre-ranked
GSEA analysis. Gene lists with log2 fold change and p-values were generated using the
FindMarkers function in Seurat as described above. Ranked gene lists in .rnk format were
generated using log2FC and p-adj values by eVITTA easyGSEA®’. Ranked gene lists were

compared to 72 canonical pathway mouse gene sets contained within the Biocarta database.
Statistical analysis

Differential expression statistics were generated by Seurat using the Wilcoxon rank-sum test
with Bonferroni correction expressed in adjusted p-values. Pathway enrichment analyses

statistics were generated by GSEA. All other statistical analyses were performed with Graph
Pad Prism9. One-way ANOV As were performed to evaluate the differences between means

across the genotype groups with multiple comparisons using the Tukey’s HSD.
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the Gong lab for the manufacture of the nanocapsules utilized in these experiments, the
Levine lab for their help performing the intracerebral injections and the Roy and Emborg labs
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Looking forward: the future of gene-therapy in the
hippocampus
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5.1 Summary and conclusions

As discussed in chapter 1, the hippocampus is a complex and important brain structure with
integral roles in behaviour, emotional regulation, and learning and memory. This structure is
particularly vulnerable to damage via traumatic brain injury, hypoxic ischemia, and
inflammation'. These injuries often result in persistent changes in gene expression within the
hippocampus continuing degenerative processes and dysregulation long after the original
insult has passed!!1213L134135 Thig structure is also profoundly affected by Alzheimer’s
disease and other non-AD dementias, as well as psychiatric disorders such anxiety and
depression, schizophrenia, and post-traumatic stress disorders!-$!1:134136-138 * Ajterations in
gene expression in these diseases, whether causal or consequential to the diseased state, often
contribute to pathogenesis and exacerbate the diseased state. This is particularly true in the
context of Alzheimer’s disease where altered gene expression in multiple cell-types has been
shown to increase amyloid burden and the development of fibrillary fibres, amplify

inflammation and contribute to excitotoxicity and neuronal death!!0:11:15.16.61.74,121.139,

Due to the aforementioned integral role of the hippocampus in behavior, cognition
and emotional regulation, damage to this structure can have significant impact on an
individual’s quality of life. Damage to the hippocampus and other brain regions in
Alzheimer’s disease leads to memory deficits, significant changes in mood and behavior and
ultimately a complete inability to communicate, recognize loved ones or care for oneself. The
progression of this disease takes a tremendous emotional toll on the individual affected as

well as their loved ones and care givers.

The gravity of degeneration and other disorders within the hippocampus as well as the
difficulty in treating many of these disorders with traditional pharmacologics makes it an

appealing target for gene-therapy interventions. In this thesis, I have aimed to advance our
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current understanding of the utility and potential for gene-therapy based therapeutics in the
hippocampus. The data outlined in these chapters illustrates the importance of gene
expression regulation in the hippocampus. In chapter 2, I illustrate the molecular mechanisms
of age-related transcriptional perturbations in age-associated cognitive decline. Using RNA,
I knockdown expression of Homer1b/c, a gene whose expression is dysregulated in age-
associated cognitive decline!?. I show that this knockdown in young animal recapitulates
some of the memory deficits observed in aged-impaired animals and determine a role for this
protein in the expression of mGluR1/5-mediated LTD'*’. This work illustrates a potential for
gene-therapy based regulation of gene expression to influence mechanisms of learning and

memory in the hippocampus.

Not only do the important functions of the hippocampus contribute to its appeal as a
target for gene-therapy, they also necessitate the utmost caution when considering gene-
editing based therapeutics. In chapter 3, I use single nuclei RNA sequencing to characterize
cell-type specific transcriptional perturbation in a rodent model of AD, as well as
characterizing the transcriptomic impacts of a novel somatic cell gene editing approach for
the treatment of AD. Here, I show cell-type specific changes in the disease model which
appear to recapitulate some of the key changes observed in AD and in other rodent AD
models. Additionally, I’ve shown that editing in this disease model results in transcriptomic
shifts which may be advantageous in the context of AD. While more research is necessary to
fully understand the implications of these transcriptomic shifts. These data illustrate the
utility of snRNA seq for the characterization and evaluation of potential gene-editing based
therapies and may help to advance a novel gene-editing based AD therapeutic toward clinical

application.

In addition to evaluating the impacts of a gene therapy modification (gene knockout,

gene correction, transcriptional repression etc), important safety consideration must be
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accounted for when considering the vector used to deliver gene editing material to the
hippocampus. For certain therapies, cell-type specificity could have major impacts on the
safety of the gene-therapy based therapeutics. Additionally, delivery vectors and Cas9 editing
machinery itself have the potential to elicit immune an immune response?!. Furthermore, the
efficiency of delivery is an important consideration for the efficacy of gene-therapy approach.
In Chapter 4, I applied snRNA-seq to characterize the safety and efficacy of editing in the
hippocampus via non-viral, nanocapsule-mediated (NC) delivery of SpyCas9 RNP in the
hippocampus. Here I show that nanocapsule-mediated editing resulted in robust expression of
our reporter, particularly within glutamatergic neurons. Additionally, I have shown
differential cell-type specific perturbations in immune response and cell-signalling pathways
between NC and rAAV vectors. This data again demonstrates the utility of snRNA seq as a
tool for evaluating the safety and efficacy of gene-editing based therapeutics and illustrates
differences in tropism and immune response in NC and AAV9 vectors. This work advances
the field of gene-therapy in the brain, informing best practices for characterizing the impacts

of novel gene therapeutics, specifically in the hippocampus.

5.2 Future steps: characterizing the spatial distribution of gene editing in the
hippocampus

The structure of the hippocampus is spatially diverse; the population of cell-types as well as
the characteristics of those cell-types vary between regions. For example, the hippocampal
dentate gyrus harbors neural precursor cells and is one of the few regions of the brain where
adult neurogenesis occurs®. Depending on the target and desired gene-editing or gene-therapy
outcome, spatially specific editing may be desirable. Alternatively, it may be desirable to
utilize a vector that is capable of a broad spatial distribution. It is also possible that different
gene therapy interventions will have different impacts within the same cell-type depending on

the spatial context of the intervention. Therefore, in addition to characterizing editing
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efficiency, cell-type specificity and transcriptomic impact of potential gene-therapy based
interventions, it is also important to evaluate the spatial distribution of delivery and spatial

variations in response to treatment.

Currently, we are investigating this aspect of nanocapsule-facilitated editing in both
the striatum and the hippocampus of Ail4 mice. For this analysis we are utilizing RNAscope,
an in situ RNA hybridization with single cell resolution and single molecule sensitivity
capable of simultaneously characterizing the expression of up to 12 RNA targets (Fig.
5.1)!4L192 " The results of this study will serve to buttress our snRNA seq analysis of this
editor in the hippocampus, while also providing information on the distribution of editing

throughout the hippocampus and the striatum.
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Figure 5.1 Schematic and example of RNAscope: RNAscope probes hybridize to RNA
targets in slide affixed tissue slices. The signal is then amplified with preamplifier and
amplifier scaffolding to which labelled probes can bind. Imaging is used to quantify the RNA
signal within the spatial context. Amplifiers and probes can then be cleaved for the next
round of staining and imagine allowing for characterization of up to 12 RNA targets.
Example of RNAscope identification of novel cell-types in the striatum. Adapted from
Reference #141 and #142.
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5.3 Cross-species characterization of gene editing: human cell models

Despite the tremendous value of animal models in translational research, there are
often important human specific aspects of disease processes that are not recapitulated, and
mechanisms of gene expression regulation and cell signaling may not be conserved across
species. Therefore, I intend to extend our investigation of the impacts APP editing into
human cell lines. Our goal is to apply the genome editor against human 4PP in human cell
specific monocultures (glia, microglia, neurons, and neural stem cells). Then, we will
characterize the cell-type specific impact of this edit using RNA seq, ATACseq, and
proteomics. This work will identify human gene regulatory networks (GRNs) associated with
those found in our mouse studies as well as elucidate human specific GRNs that would be
changed upon editing APP in the brain. This research will help to elucidate cell-type specific
molecular mechanisms of AD pathology and evaluate the safety and efficacy of a potential

genomic editing therapeutic approach in the treatment of AD.

Future steps for characterizing the consequences of therapeutic APP editing will aim
to explore the impacts of this edit in a multicellular environment. Our current snRNA seq
study is elucidating GRNs impacted by editing in vivo in mouse model AD brains where
important cellular cross-talk between glia and neurons remains intact. By applying the human
genome editor in co-cultures of human induced pluripotent cell (hiPSC) derived neurons,
astrocytes and microglia and/or hiPSC derived brain organoids we can further explore the
potential for differences in response across species and more thoroughly assess the safety and
efficacy of this edit for the treatment of Alzheimer’s disease. This study has the potential to

elucidate novel mechanism of Alzheimer’s disease pathology, highlight differences in GRNs
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across species, inform best practices for therapeutic gene editing characterization and to

advance a novel gene-editing-based therapeutic for Alzheimer’s disease treatment.
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Figure 5.2 Different types of gene editors have a variety of functions and targets.
Adapted from reference #143. Overview of different gene editors and their various
functions and targets as well as goals for the discovery and engineering of new editors,
which could facilitate more nuanced gene-therapy approaches in the hippocampus.

Finally, while the focus of this thesis has primarily been on viral expression of RNAi
for permanent knockdown of gene-expression or CRISPR/Cas9 based editing to result in the
loss of expression in genome regions, there have been many advances in CRISPR/Cas
technology that allow for more nuanced modulation of gene expression (Fig. 5.2)!4. Future
analysis of gene editing in the hippocampus will likely explore the utility of gene expression
modulation via novel genome editors. One potential application is targeting adult
neurogenesis in the hippocampus. Deficits in adult neurogenesis contribute to age-associated
cognitive decline, memory deficits in AD, and are a key feature in major depressive disorder.
The process of neurogenesis is stimulated by extrinsic factors which stimulate the activity of
transcription factors and epigenetic regulators®. It may be possible to combat age-associated
cognitive decline, repair memory deficits and combat depression by targeting this pathway,

potentially utilizing a CRISPR based epigenetic editor.
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Supplemental Figure 3.1: UMAP projection depicting all the clusters in Figure 3.2a identified
by Seurat clustering (resolution parameter = 0.6) prior to cell-type identification and subsequent
grouping of adjacent clusters of the same cell type. Identification of cell type and subsequent
grouping ultimately resulted in 20 final clusters.
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Supplemental Figure 3.2 The proportion of samples in cell-types: Bar graphs indicating
the average proportion of sample in each cell-type by genotype. No significant differences
were observed between the genotypes for any cell type apart from microglial cells
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Sample Type: WT WT Del5 Del5 KI InsT Kl InsT Kl Kl
Sample ID: A0487B  A0848B A0953 A0958 A8021 A0570 A0964 A2059
Cluster

Endo 288 103 606 455 204 822 329 147
Micro(1) 125 48 285 178 104 125 152 323
Olig(1) 212 281 361 144 360 1271 111 243
OPC 21 39 23 25 22 58 7 59
N_Gaba(4) 1408 748 1937 2013 1206 1276 1102 1554
N_Gaba(3) 684 437 652 906 658 753 566 730
N_Gaba(2) 90 52 175 152 69 147 87 141
N_Gaba(1) 431 347 742 537 379 1256 416 1198
N_Dual 205 100 236 140 152 131 106 146
N_Glu(11) 334 214 362 357 250 303 232 361
N_Glu(10) 676 368 397 326 442 268 257 301
N_Glu(9) 1818 1249 2378 1633 1805 2078 1437 1824
N_Glu(8) 102 59 172 144 102 157 141 117
N_Glu(7) 126 109 121 96 162 72 88 136
N_Glu(6) 46 70 177 164 89 64 39 240
N_Glu(5) 236 211 241 378 244 307 157 370
N_Glu(4) 463 394 589 322 623 262 330 410
N_Glu(3) 73 42 133 18 48 9 24 202
N_Glu(2) 3727 3382 4027 2986 3729 2978 2321 3270
N_Glu(1) 66 58 46 26 56 17 26 37
Total 11131 8311 13660 11000 10704 12354 7928 11809

Supplemental Table 3.1: Table indicating the cell counts for each sample within each cluster in
Figure 3.2a.
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Supplemental Figure 4.1 Flow cytometric analysis of tdTomato expression in in vitro
edited Ail4 fibroblasts. A representative flow cytometry analysis of tdTomato in in vitro
edited Ail4 fibroblasts illustrating gating strategy used for analysis. Panel A indicates
gating to isolated cells from debris, panel B indicates gating to isolate live cells from
dead, panel C indicates gating used to isolate single cells from clumped multiplets and
paned D indicates gating used for tdTomato expression. This analysis found 17.9% of the
cells to be tdTomato positive. In total 3 groups were edited in vitro and analyzed with
flow cytometry with an average of 15.3% tdTomato positive cells after editing.
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p_val avg_log2FC  Fold Change p_val_adj
N_Glu(1) 5.45E-44 0.168805387 1.124127274 1.19E-39
N_Glu2) 8.94E-37 0.170081069 1.125121706 1.96E-32
N_Glu(3) 6.18E-22 0.145300512 1.105961 1.35E-17
N_Glu(4) 1.97E-07 0.125729572 1.091059342 0.004312
N_Glu(5) 4.75E-07 0.222128441 1.166453212 0.010397
N_Glu6 0.001117 0.311976015 1.241406853 1
N_Glu7 1.25E-68 0.400605775 1.320062077 2.73E-64
N_Glu(8) 1.83E-07 0.105116227 1.075581038 0.004012
N_Gaba 3.11E-32 0.150576755 1.11001314  6.8E-28
Olig(1) 3.96E-28 0.563084591 1.477424688 8.66E-24
Olig(2) 2.96E-187 1.38251469 2.607224275 6.47E-183
Olig(3) 2.98E-01 -0.011 0.992404375 1.00E+00
Astro(1) 1.67E-46 0.348149556 1.272926885 3.66E-42
Astro(2) 1.25E-68 0.400605775 1.320062077 2.73E-64
Micro(1) 4.14E-06 0.20881932 1.155741955 0.090707
Micro(2)  0.009752 0.131882707 1.095722679 1
Micro(3)  0.273863 0.397600391 1.317315021 1
CPC 3.75E-09 0.233928695 1.176033123 8.20E-05
EPC 0.000129 0.128414182 1.093091509 1
Prcytes 0.048823 0.474916545 1.38983782 1
vSMC 5.55E-01 0.077333 1.055065817 1.00E+00
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Supplemental Table 4.1 Differential expression analysis by cluster of tdTomato in
NC-Cas9 vs control treated animals. p-val indicates the unadjusted p values for
significance of the differential expression. avg_log2FC indicates the log base 2 of the
average fold change in tdTomato expression between the two groups — NC-Cas9 vs
control: positive values indicate an increase in tdTomato in NC-Cas9 treated clusters,
negative values indicate a decrease. Fold change indicates the fold change in tdTomato
expression in NC-Cas9 vs control treated samples. p_val_adj indicated the adjusted p-
value of the significance of the differential expression based on Bonferroni correction
using all features in the dataset. Adjusted p-value is also known as false discovery rate
(FDR) and is the metric used for significance cut off in all differential expression analyses
within this thesis.



p_val avg_log2FC  Fold Chang p_val_adj
N_Glu(1) 1.09E-44 0.166675311 1.122469 2.39E-40
N Glu2) 2.11E-39 0.222766199 1.166969 4.62E-35
N_Glu(3) 1.06E-16 0.083880206 1.059865 2.32E-12
N_Glu(4) 2.24E-13 0.320058022 1.248381 4.89E-09
N_Glu(5) 1.31E-05 0.203451567 1.15145 0.287024
N_Glu(6) 1.25E-08 0.660893381 1.581061 0.000274
N_Glu(7) 2.59E-32 0.401544194 1.320921 5.67E-28
N_Glu(8) 3.11E-15 0.206338237 1.153756 6.80E-11
N_Gaba 3.08E-39 0.174247906 1.128376 6.75E-35
Olig(1) 2.24E-16 0.397795636 1.317493 4.91E-12
Olig(2) 1.60E-23 1.074973304 2.106683 3.50E-19
Olig(3) 1.55E-21 0.828999018 1.776452 3.40E-17
Astro(1)  8.25E-187 1.108067278 2.155567 1.81E-182
Astro(2) 0.00141 0.400823807 1.320262 1
Micro(1) 5.83E-13 0.377313583 1.298921 1.28E-08
Micro(2) 2.92E-15 1.010204712 2.014197 6.39E-11
Micro(3) 0.137217 0.387327981 1.307969 1
CPC 2.33E-15 0.691351322 1.614795 5.10E-11
EPC 1.74E-07 0.28997246 1.222617 0.003811
Prcyts 0.000147 0.829078569 1.77655 1
vSMC 0.069393 0.427581232 1.344977 1

Supplemental Table 4.2 Differential expression analysis by cluster of tdTomato in
rAAV-Cre vs control treated animals. p-val indicates the unadjusted p values for
significance of the differential expression. avg_log2FC indicates the log base 2 of the

average fold change in tdTomato expression between the two groups — rAAV vs control:

positive values indicate an increase in tdTomato in NC-Cas9 treated clusters, negative

values indicate a decrease. Fold change indicates the fold change in tdTomato expression

in NC-Cas9 vs control treated samples. p_val adj indicated the adjusted p-value of the
significance of the differential expression based on Bonferroni correction using all
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features in the dataset. Adjusted p-value is also known as false discovery rate (FDR) and
is the metric used for significance cut off in all differential expression analyses within this
thesis.



101

WO-NOONsEWN = O

UMAP_2

o
L
(L N N NN NN ENNENNNN®..]

-10 1

15 -10 5 0 5 10

Supplemental Figure 4.2 UMAP projection of all Seurat identified clusters (resolution
parameter = 0.6) prior to cell-type identification and grouping of adjacent clusters of the
same cell-type. Cell-type identification and grouping yielded 22 final clusters.
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Sample ID:
Sample Type:
Cluster
Olig(3)
Olig(2)
Astro(1)
N_Glu(7)
N_Glu(1)
N_Glu(8)
N_Glu(2)
N_Gaba
EPC
N_Glu(3)
Micro(1)
Olig(1)
CPC
N_Glu(4)
N_Glu(5)
Micro(2)
Prcyts
Astro(2)
N_Glu(6)
Micro(4)
vSMC

Total

S1
NC-Cas9

136
894
216
176
220
78
121
109
35
92
54
59
2
28
24
4
7
6
19
9
1

2290

S10
NC-Cas9

2487
1143
844
121
546
213
316
625
219
638
391
236
188
200
102
154
92
45
11
47
8

8626

S11
rAAV-Cre

953
683
1210
456
967
385
815
852
382
306
150
268

101

116
87
94
33
43
44

7946

S12
rAAV-Cre

1895
513
785
183
682
218
521

1107
444
165
215
162
244

55
123
153

86

42

17

12

35

7657

S14

286
379
1284
337
1174
563
713
1403
432
912
355
248
345
289
169
171
74
96
42
45
33

9350

S2
NC-Scram

77
813
938
973
751
315
541
438
165
359

28
294
106
129
102

27

22

35

74

25

1

6213

S4
Uninjected

60
391
839
633
453
236
332
227

92
162

94
249

79
48
22
24
16
61
26

4045

S7
NC-Cas9

210
2557
943
705
780
153

591
146
390
175
287
63
134
106
36
35
28
24
14

7904

S8
NC-Scram

1274
1694
1597
1245
1165
334
826
773
249
401
182
364
48
160
139
97
33
27
65
42
23

10738

90

S9
NC-Cas9

3103
604
1345
246
1087
341
721
1316
468
657
465
183
454
239
168
179
101
80
31
30
68

11886

Supplemental Table 4.3 Table indicating the cell counts in each cluster for each sample
in Figure 4.2a
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